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Abstract
Coiled-coil motifs are part of 5–10 % of the eukaryotic proteome and are involved in impor-
tant cellular processes such asmembrane trafficking, chromosome segregation ormechano-
sensing. Their canonical form is well understood and based on a heptad repeat with hy-
drophobic amino acids at positions 1 and 4. A sequence of these peptides folds into an
α-helix and two, or more, of these helices bind together by winding around each other, cov-
ering up the hydrophobic residues and giving rise to the coiled-coil structure. Coiled-coil
proteins appearing in nature do, however, deviate from this form by introducing discon-
tinuities into the heptad repeat. The effect of these imperfections on the structure is only
known for few cases and not generally understood or predictable. The additional impact
of these discontinuities on the dynamic function of coiled-coil domains is unknown alto-
gether. Here, in order to tackle these questions, the adhesive forces between the α-helices
are studied in single-molecule experiments.
To measure these small forces (∼ pN) with a high spatial and temporal resolution, a dual-
trap optical tweezers setup was constructed. Special emphasis was put on realizing the
required high resolution, a large degree of automation and versatility during the building
process. The instrument’s performance was assessed by recording force-extension curves
of DNA yielding results for the molecular parameters persistence length and stretch modu-
lus in good agreement with those found in the literature. Additionally, the Allan deviation
was computed for different configurations of beads and a high stability and resolution of
the instrument was found with optimal performance on the time scale of 1–10 s.
Optical tweezers require calibration to accurately measure forces. To this end, generally
a scheme is used that leverages the Brownian motion of a trapped object in the harmonic
potential, created by the laser focus, to determine the parameters required to convert the
analog voltage signal to distances and forces. However, this approach requires prior knowl-
edge of the bead’s drag coefficient. A method was suggested previously that allows to
measure this parameter by exciting the trapped bead through an external fluid flow and
observing its response. Yet, this scheme was proposed for single-trap devices only. The
precision and versatility of the new instrument was increased by extending this technique
to work with two traps and implementing it in the apparatus. To this aim, the underlying
equations of a trapped bead’s motion were modified to include hydrodynamic interactions
between the objects resulting from the external fluid flow. It was found that a single mul-
tiplicative factor is sufficient to correct the calibration results for the hydrodynamic effects
and ensure precise calibration. The drag coefficient of several beads yielded the same result
v
for a single and two traps within the measurement error thus confirming the validity of the
method.
The newly built instrumentwas then used to study the coiled-coil protein early endosome
antigen 1 (EEA1). This 200 nm long homodimer was shown to undergo an entropic collapse
upon binding a small GTPase at the N-terminus. For further investigations of this effect and
the adhesives forces at play, an experiment was designed here to unzip the two α-helices
of the protein. To this end, DNA handles were attached to each of the two helices using a
sortase A based ligation reaction as force moderators and first optical tweezers experiments
were performed with the protein-DNA chimera. Thus, the necessary tools for unzipping
assays of EEA1 are now at hand to further research the entropic collapse process.
To summarize, a dual-trap optical tweezers setup was built, the calibration routine ex-
tended and realized in a more precise way and the instrument was used to investigate
binding energies of EEA1 α-helices.
vi
Kurzfassung
Coiled-Coil Strukturmotive sind in 5–10 % aller Proteine von Eukaryoten vertreten und
wichtiger Teil zellulärer Prozesse wie Membrantransport, Segregation von Chromosomen
oder Mechanoperzeption. Ihre grundlegende Struktur besteht aus dem sogenannten Hep-
tadenmuster, einer Sequenz aus sieben Aminosäuren mit hydrophoben Molekülen an Posi-
tion eins und vier. Eine Reihe dieserMuster kann sich zu einerα-Helix falten und zwei, oder
mehr, solcher Helices sich umeinander winden, um die hydrophoben Moleküle abzuschir-
men. Das Ergebnis ist eine Coiled-Coil- oder Doppelwendelstruktur. Natürlich vorkom-
mende Coiled-Coil Proteine weichen jedoch durch Fehlstellen im Heptadenmuster von
dieser kanonischen Form ab. Die Auswirkung dieser Störstellen auf die Struktur des ge-
samten Moleküls ist bisher nur für einige wenige Fälle untersucht und nicht allgemein
vorstanden oder vorhersagbar. Der zusätzliche Einfluss dieser Fehlstellen auf die Funktion
und dynamischen Prozesse solcher Proteine ist gänzlich unbekannt. Um diesen Fragen
nachzugehen werden hier die Bindungskräfte zwischen den α-Helices in Einzelmolekül-
studien untersucht.
Um diese winzigen Kräfte (∼ pN) mit hoher räumlicher und zeitlicher Auflösung unter-
suchen zu können, wurde im Rahmen der vorliegenden Arbeit eine optische Doppelfalle
konstruiert. Besonderes Augenmerk lag dabei auf dem Erreichen der erforderlichen Auf-
lösung, einem hohen Grad an Automatisierung und der vielfälting Einsatzfähigkeit des
Instruments. Die Leistungsfähigkeit dieses Kraftmikroskops wurde besonders durch zwei
Experimente überprüft und sichergestellt. Zum einen wurden DNA Moleküle gedehnt und
die Polymerparameter Persistenzlänge und Zugmodul gemessen, welche sehr gutmit veröf-
fentlichten Referenzwerten übereinstimmten. Zum anderen wurde die Allan Schwankung
für verschiedene experimentelle Konfigurationen von mikroskopischen Kugeln ermittelt,
was eine hohe Stabilität und Auflösung des Gerätes, mit optimaler Leistung bei Mittelung
auf Zeitskalen von 1–10 s, bestätigte.
Optische Fallen müssen kalibriert werden, um Kräfte exakt messen zu können. Im Allge-
meinen kommt dafür ein Verfahren zum Einsatz, welches die brownsche Bewegung eines
gefangenen Objektes im harmonischen Potential des Laserfokus ausnutzt. Aus diesen Fluk-
tuationen werden die benötigten Parameter ermittelt, um das gemessene analoge Span-
nungssignal in Abstände und Kräfte umzuwandeln. Dieser Ansatz erfordert jedoch die
Kenntnis des Reibungskoeffizienten des gehaltenen Objektes, meist einer mikroskopischen
Kugel. Daher wurde eine Methode vorgeschlagen, die durch ein oszillierendes Flussfeld
eine zusätzliche Bewegung der Kugel anregt aus welcher der Reibungskoeffizient bestimmt
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werden kann. Dieses Vorgehen reduziert die im vornherein benötigten Informationen,
wurde jedoch nur für eine einzelne optische Falle entwickelt. Der Ansatz wurde in dieser
Arbeit erweitert, indem die zu zugrundeliegenden Bewegungsgleichungen einer gefan-
genen Kugel um hydrodynamische Wechselwirkungen zwischen mehreren Objekten er-
gänzt und die Kalibrationparameter basierend darauf hergeleitet wurden. Im Ergebnis
konnte gezeigt werden, dass ein einzelner multiplikativer Faktor ausreicht, um die Hydro-
dynamik zu berücksichtigen und die exakte Kalibration des Instruments sicherzustellen.
Dieses Vorgehen wurde überprüft, indem der Reibungskoeffizient einer einzelnen oder
mehrerer mikroskopischer Kugeln gleichzeitig durch Anlegen eines externen Flussfeldes
gemessen wurde. Die Ergebnisse stimmen im Rahmen der Messgenauigkeit überein und
bestätigen damit den gewählten Ansatz.
Das neu implementierte Kraftmikroskop wurde im Folgenden eingesetzt, um das Coiled-
Coil Protein Early Endosome Antigen 1 (EEA1) zu erforschen. Dieser 200 nm lange Ho-
modimer kollabiert aufgrund entropischer Kräfte sobald eine kleine GTPase an seinen N-
Terminus bindet. Um diesen Effekt und die wirkenden Bindungskräfte besser zu verstehen,
wurde hier ein Experiment entwickelt bei dem die beiden α-Helicen auseinandergezogen
werden. Dazu wurde mittels einer Sortase A basierten Ligationsreaktion an jede Helix ein
DNA-Stück gebunden, über welches Kräfte auf dasMolekül übertragenwerden können. Er-
ste Experimente wurden mit der optischen Doppelfalle und dieser Protein-DNA Chimäre
durchgeführt. Somit sind alle benötigten Werkzeuge zum weiteren Studium des entropi-
schen Kollapses von EEA1 verfügbar, indem die Bindungskräfte der α-Helicen untersucht
werden.
Zusammenfassendwurde eine hoch auflösendeDoppelfalle konstruiert, die Kalibrations-
methode weiterentwickelt und verfeinert und das Kraftmikroskop zur Erforschung der Bin-
dungskräfte der α-Helicen von EEA1 eingesetzt.
viii
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1
Introduction
Life – a never ending battle against entropy. At the molecular level, it is fought by proteins
that organize and structure all living cells. Their vast diversity of functions is realized by
the complex folding of linear amino acid polymers into three-dimensional structures, a
first entropy defying step. For molecules such as DNA, the link between polymer and the
resulting three-dimensional shape is well known leading to applications like DNA origami.
However, the general prediction of the tertiary structure of proteins from their amino acid
sequence remains elusive. The notable exception here is the class of coiled-coil proteins.
These play an important role in many cellular processes and the link between sequence and
structure is better understood than for most polypeptides, permitting to decipher exciting
functions realized by these molecules.
1.1. Proteins with a twist: Coiled-coils
Coiled-coil structures are found in 5–10 % of eukaryotic proteins [LR01] and come in a
broad range of sizes, from several hundred (giantin with ∼0.5 µm) down to a few nanome-
ters (leucine zipper). A variety of proteins embed coiled-coil substructures, such as myosin
or kinesin motors, intermediate filaments or keratins. In spite of their relatively simple
three-dimensional fold, they are important components of numerous processes such as the
mediation of vesicle tethering, mechanosensing, chromosome segregation, DNA recogni-
tion and cleavage and transcriptional regulation [TL16].
The existence and structure of coiled-coil proteins was predicted by Crick [Cri52] in 1952,
based on x-ray scattering data, and experimentally confirmed in the following decades
[MA04]. The primary structure of these proteins is a reoccurring pattern of seven hy-
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drophilic and hydrophobic amino acids which are labeled from a to g, the so called hep-
tad repeat. Hydrophilic amino acids have polar or charged side chains and therefore bind
electrostatically with other polar molecules like water. If an amino acid has a non-polar
or uncharged side-chain, it is hydrophobic and preferably interacts with other non-polar
molecules through the weaker van der Waals force. When immersed in an aqueous solu-
tion, such as the cytoplasm, hydrophobic molecules tend to cluster together [Alb+14].
A common motif in protein structures are right-handed α-helices that have a periodicity
of 3.6 amino acids per turn. When such a structure is formed from the described heptad
repeats, the hydrophobic residues are close to each other on the surface of the helix after
folding due to their locations at position one (a) and four (d) in the heptad sequence. As a
consequence, they form a stripe of hydrophobic amino acids that is slowly wound around
the helical molecule in a left-handed fashion. It therefore becomes favorable for two such
α-helices to wrap around each other and cover up their hydrophobic residues giving rise to
the coiled-coil structure that can be additionally stabilized by interactions of the polar or
charged residues (fig. 1.1.1). However, coiled-coil proteins can comprise more than two α-
helices, such that a vast variety of forms is possible [LB17]. Due to their relative structural
simplicity, coiled-coils are a popular model system to study transitions and intermediate
states in protein folding [Ram+14; Zit+00].
As a result of their structure, they generally form particularly stable rod-like molecules
[Alb+14; Ber+18]. However, most if not all naturally occurring coiled-coil proteins de-
viate from the canonical form described above. Often hydrophobic residues are missing
at their ideal position or additional amino acids are introduced interrupting the heptad
repeats. How do such discontinuities affect coiled-coil formation? What is their impact
on the molecule’s stability? For some of these imperfections, a local unwinding [BCP96;
BSS01] or the formation of embedded β-layers [Har+16] is observed. But generally, their
impact on the structure and stability of the coiled-coils can not be predicted and remains
elusive.
Also, dynamic processes like helix sliding [TL16; Kon+09; Xi+12] or an entropic collapse
(chapter 4, [Mur+16]) were observed and are believed to require reduced coiled-coil stabil-
ity in order to function correctly, which is provided by this kind of imperfections in the
canonical sequence. But how do these discontinuities in the heptad repeats translate to dy-
namic function of the proteins? Is there an underlying scheme governing these molecular
activities?
In order to investigate these questions, it is key to access the adhesive forces of the α-
helices, governed by hydrophobic interactions, with a high spatial resolution to observe
2
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Figure 1.1.1.: Following the arrows: The basic building block of a coiled-coil protein is a
peptide of seven amino acids (a–g), the heptad repeat. A sequence of these folds into a right-
handed α-helix with periodicity of 3.6 amino acids, so the hydrophobic residues at a and
d of subsequent heptad repeats are wound left-handedly around the helix. Supercoiling of
the helices reduces the periodicity to 3.5, leading to a straight hydrophobic stripe. Two such
molecules cover their hydrophobic residues by forming a coiled-coil protein. Parallel and
anti-parallel conformations and more than two α-helices are possible. Naturally occurring
coiled-coils generally deviate from the canonical form, e.g. through missing hydrophobic
residues or additional amino acids interrupting the heptad repeat, resulting in structural
diversity and dynamical function.
the local effect of the discontinuities and a high temporal resolution to examine the dy-
namic processes. Single-molecule studies have proven to be invaluable tools to study pro-
teins in general and coiled-coils in particular [Kel+97; Bor06; Ram+14]. Especially force
spectroscopy using optical tweezers is well suited for such investigations [ZMZ13] since
it allows to access the dimensions of space and time at which these processes are taking
place.
1.2. Optical tweezers: A force detector
Already in the 19th century, it was predicted by Maxwell [Max73] that light exerts forces
on objects which was further described for spheres by Debye [Deb09]. In the second half
of the 20th century, Arthur Ashkin realized through a back of the envelope calculation that
3
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these forces can lead to significant accelerations and thus stably hold or dynamically ma-
nipulate an object given that it is small enough. He first used counteracting laser beams to
trap micron-sized beads in three dimensions [Ash70] and then found that a tightly focused
laser is sufficient to stably hold and manipulate a microscopic bead [Ash+86]. This is a
consequence of the inhomogeneous intensity distribution of the focussed Gaussian beam
which exerts a gradient force on an object that always pulls it towards the focus, allowing
to manipulate it in any direction. Importantly, that technique can not only be used to ap-
ply forces on objects but also measure an external force acting on that object. This seminal
work opened the door for a vast variety of applications in physics and biology and was
awarded with the nobel prize in 2018.
Optical tweezers were early on used to study biological samples like viruses, bacteria
grown on a ham sandwich [ADY87; Ash00] or the mechanical properties of DNA [SCB96;
Wan+97] but also quickly gained importance in examining single molecular motors like ki-
nesin [Svo+93], myosin [FSS94] or RNA polymerases [Abb+05; Lis+16; Fit+16]. They were
also used to sort cells [ZL08], measure the friction of a single protein [Bor+09], realize
adiabatic processes in thermodynamics [Mar+15] and quantify molecular torques [LW04].
The great advantage of single-molecule optical-tweezers studies over bulk experiments is
the access to the distributions governing a process instead of just measuring average pa-
rameters. Also, the temporal resolution is very high, in the range of tens of microseconds,
allowing insights into fast kinetics of a system under research. Especially, it also permits
to apply forces in order to perturb the system and observe its response [Bus08].
Here, the class of coiled-coil proteins is of special interest. Optical tweezers have been
used successfully to study these [Xi+12; ZMZ13; Ram+14; Zha17] thanks to their high res-
olution in time and space. They are therefore the perfect tool to analyze the adhesive forces
and their dynamics in coiled-coils.
The next chapters describe the construction of an optical tweezers setup for coiled-coil
studies and how to achieve the required resolution by reducing noise, careful alignment of
optical components and proper calibration of the apparatus. The device is then employed
to investigate the coiled-coil protein EEA1.
4
2
Implementing high-resolution
dual-trap optical tweezers
There are two main reasons why optical tweezers became a well established tool to study
molecular interactions. On one hand, they can measure distances on the nanometer and
forces on the piconewton level which are the relevant scales for the molecular world. On
the other hand these instruments provide a high temporal resolution, which is required to
study molecular processes happening within micro- to milliseconds, such as protein fold-
ing, the stepping of molecular motors or DNA mechanics, but also allow for long measure-
ments lasting seconds or more, therefore bridging multiple timescales. These capabilities
are especially required for the study of coiled-coil proteins where folding happens fast and
ultimately on the size scale of amino acids. An optical tweezers apparatus was built as a
major part of this thesis to enable the investigation of such molecules.
While constructing the instrument, special care was taken to achieve a high resolution
in space and time, ensure good stability and low noise, automate the instrument as much as
possible and allow easy scripting of repetitive experimental routines. To support automa-
tion, a custom controller to steer the stepper motors of the various translation stages was
built that responds fast and accurately to input commands. For increased flexibility of the
device, a pressure driven multi-channel laminar flow system was implemented, as well as
a constant force operation mode.
5
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2.1. Force generation by light
Optical tweezers are a force creation andmeasurement tool based on the interaction of light
and matter. But what gives rise to these forces and how can we understand them?
Optical forces on spherical object are calculated using different theoretical approaches
based on the ratio of its size a to wavelength λ of the used laser [NB04; KS17; Len+17].
For λ ≪ a, one can describe the effect based on ray optics as light being refracted and
consequently all the photons changing their direction and therefore momentum. Due to
its conservation, each photon in turn transfers a minuscule amount of momentum to the
object which collectively gives rise to a force acting on the bead. In the case that the re-
fractive index of the trapped object is larger than that of the surrounding medium, this so
called gradient force pulls it upward the gradient of laser beam intensity. A second force
component, albeit an effect of the same physical principle, is the radiation pressure which
results from the momentum transfer of photons reflected by the bead and pushes the object
along the direction of light propagation thus out of the trap [Deb09].
If λ ≫ a, the dielectric particle can be described as a being polarized by the external electric
field of the laser beam. The interaction of the object with this same field also results in a
gradient force accelerating the particle towards higher laser intensity.
For λ ∼ a, thorough Lorenz-Mie scattering theory is required to understand and calculate
the trapping forces and numerical tools exist to do so [Len+18].
Stable trapping is then possible when the optical trapping force exceeds the radiation
pressure, gravity and any other acting force like for example fluid flow. It was found that
the trapping force F is linear to the displacement x of the object from the focus center, such
that the optical trap acts like a Hookean spring with stiffness κ as a proportionality factor
[NB04; Ver+11; KS17]. The stiffness and the valid range of this linear relation depends
on a variety of parameters, such as the numerical aperture (NA) of the objective forming
the laser focus, laser wavelength and power or size of the trapped object, and has to be
determined in a calibration procedure (chapter 3).
2.2. Instrument design
The new machine built here is a dual-trap optical tweezers where both traps are formed by
the same laser, compared to having two traps from independent lasers. As a result, noise
sources like fluctuations in the laser’s pointing stability, intensity or other effects altering
the common beam path like heating of components affect both traps simultaneously. Ana-
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lyzing a differential measure between the two trap signals thus allows to almost eliminate
these noise sources [Mof+06; BCM08; Sun+10], a major advantage of this a design. To form
two traps, the light is split into vertical and horizontal polarization which are each focused
on separate spots but care was taken to ensure that the beams share the same path as much
as possible. Choosing this arrangement is a first step towards a high resolution instrument.
Another step is taken by implementing the back-focal plane interferometry (BFPI) scheme
for force and displacement measurements. It detects changes in the interference pattern of
the undisturbed trapping laser and the light scattered by the trapped object and is extremely
sensitive [VGB96; GS98; KS17; FMM12]. The realization of these designs is described in this
section.
2.2.1. Isolation from the environment
In order to achieve high stability and low noise, it is essential to reduce environmental
perturbations of the optical tweezers setup [BCM08; Sun+10; Mah11]. Accordingly, the
instrument was built on an optical table (CleanTop 784, TMC) which was mounted on a
damping system (S-2000A, Newport), to isolate it from building vibrations, and connected
to the building’s electrical ground. A case was built on top of the optical table to reduce air
flow disturbances of the laser beam and to confine the laser light to the table. For tempera-
ture stability, an extra roomwas built around the optical table and all electronic devices that
generate heat and air flow, for example through power supplies and fans, are placed outside
of that room. To allow this chamber to equilibrate, also the human operator sits outside
which additionally removes lamps as variable heat sources. All wires were routed through
three small holes in the wall of the room which emphasizes the requirement of shielded
cables for data lines. In order to control the experiment components have to be motorized
which is also beneficial for the desired automation described later in this chapter. To as-
sess the temperature stability, metadata from experiments conducted during 2.3 years was
analyzed which reveals a difference of 2 K between the average room temperature during
summer and winter (appendix A.1). For every single day, the maximum recorded tempera-
ture difference was computed and found to be below 0.41 K with a probability of 90 % (90 %
quantile).
By carefully designing and building the environment for the tweezers, another step to sta-
bility and noise reduction was taken.
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2.2.2. Optical pathway
The optical setup was planned following previously described high-resolution setups
[BCM08; Jah12], therefore only the key components are revised here (figs. 2.2.1 and 2.2.2).
For a detailed list of components, see appendix A.2.
The traps are created using a 5W 1064 nm fiber laser (YLR-5-LP-Y12, IPG Photonics) with
a high intensity and pointing stability [WCC17] which emits a linearly polarized beam of
5.2mm diameter. The light is guided through a high power optical isolator (FI, IO-8-1064-
HP, Thorlabs) to prevent back-reflections into the laser, a series of λ/2-plates to adjust the
polarization, and a Glan-Laser polarizer (GLP, extinction ratio > 100 000:1, 10GL08AR.33,
Newport) to clean up the polarization. It is then divided by a polarizing beam splitter
(PBS, 10BC16PC.9, Newport) with each polarization being steered independently: one by
a piezo-mounted mirror (PM, NS-MTA2X, Mad City Labs) and the other one using a dual-
axis acousto-optical deflector (AOD, DTSXY-400-1064-002, AAOpto-Electronic). Electronic
shutters (04RDI231, CVI Laser Optics) allow to individually turn the traps on and off. The
two beams are then recombined by another polarizing beam splitter and expanded through
a Keplerian telescope by a factor of 2 before entering the trap-forming (”trapping”) objective
(O1, CFI P-Apo VC, 60x WI, NA = 1.2, WD = 0.28 - 0.31mm, Nikon). A water immersion
objective is used to reduce spherical aberrations when trapping objects deep in an aque-
ous solution [Ver+06]. An identical objective (O2) collects the light that is subsequently
gathered by the position sensitive diodes (DL100-7 PCBA3, First Sensor), one for each po-
larization (PSD AOD/PM). These are carefully aligned such that the back focal plane of the
objective is imaged onto the detectors and BFPI is achieved [VGB96; SH08].
The telescope not only expands the beam but also images the PM and the AOD onto the
back-focal plane of the trapping objective. Therefore, rotations of the beam through the
steering devices result in a translation of the focus in the objective’s focal plane [KS17].
Since both elements are controlled separately, two independent traps are formed by the
vertical and horizontal polarization of the beam. The light intensity, and therefore the
strength, for each trap can be adjusted by rotating the polarization of the laser beam prior
to the first beam splitter using a λ/2-plate.
It should be noted that the high NA objectives, typically used in an optical tweezers setup,
rotate the polarization angle of a linearly polarized beam upon transmission, which is the
main source for crosstalk between the two trap signals, with others being e.g. imperfections
of the polarizing beam splitters [IH57; BH00]. However, an AOD has the additional effect
of shifting the frequency of the transmitted beam, by its driving frequency of ∼90MHz,
which reduces the impact of the depolarization on the force and displacement measure-
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(a) (b)
(c)
Figure 2.2.2.: Photos of the dual-trap optical tweezers setup. (a) The apparatus on the
optical table with the yellow laser fiber on the left and the two objectives on the right.
(b) Objectives with a flow cell mounted to the piezo stage and tubing connecting it to the
reservoirs. (c) The syringes contain the sample and are connected to the flow cell at their
bottom and to the pressure box on their top.
ments [MB08; AAS08; Jah12]. The remaining crosstalk is estimated in our setup, based on
the total laser intensity measured on the position sensitive diodes, to be ∼1 %.
In addition to the tweezers pathway, a bright-field microscope is built into the setup to
image the beads and track their position independently of the trapping laser. The light
source is a blue LED (440 nm wavelength, LXML-PR01-0500, Lumileds) and objective O2 is
the condenser illuminating the sample. The trap-forming objective O1 acts as the micro-
scope objective that collects the light which is subsequently split by a 90/10 beam splitter
and imaged onto two cameras in different magnifications. The small magnification is used
for orientation and navigation in the sample chamber (CAM-S, image pixel size 151.6 nm,
acA1300- 60gm/gc, Basler), whereas the large magnification is used for accurate bead track-
ing (CAM-L, image pixel size 68.8 nm, MV1-D1024E-160-CL-12, Photonfocus) at high frame
rates up to 1 kHz.
Careful alignment and the use of low-drift opto-mechanical components where possible,
e.g. for mirror mounts, posts or translational stages, were another step towards a stable and
high-resolution instrument. In addition, the use of an AOD for beam steering is beneficial
for the reduction of polarization crosstalk.
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2.2.3. Laminar flow system
The aim of the flow system is to bring the sample in its aqueous buffer to the laser focus
Since experimental designs often require holding differently functionalized beads in each
trap and switch buffers during the experiment, the flow system design is important to in-
crease the versatility of the instrument.
Laminar flow cells are well established tools to achieve these goals [BB08; Wui+00]. They
are in general very thin to ensure a small the Reynolds number and laminar flow for a
wide range of flow speeds, liquid densities and viscosities. As a result, buffers in different
channels don’t mix but flow in parallel even though no physical barrier is in place such
that the traps and any object can be moved freely between them. Slow mixing happens
due to lateral diffusion but only becomes significant if the fluid flow is fully stopped. The
small chamber hight is also often required by optical tweezers due to the use of high NA
objectives that in turn have a low working distance. Our setup is no exception with the
available space between the two objectives being restricted to ∼500 µm.
A commercially available five channel microfluidic chip, entirely made from glass, with
a well tested design for laminar flow (Lumicks) is employed in the setup. Its dimensions are
60mm x 15mm x 450 µm and it provides five independent inlet channels that are brought
together in the central main chamber of the glass chip. Using a glass device reduces the
time required to set up an experiment, since it is not necessary to manufacture the flow
cells, and allows thorough cleaning of the flow system (including tubing etc.) due to its
resistance to denaturants and organic solvents. Our glass chips are cleaned on a regular
basis using 1:40 bleach dilution or incubating for 2 h with a 2% Hellmanex solution.
The flow cell is mounted in a u-shaped holder specifically designed and built for the
setup by the manufacturer of the chips (Lumicks) and placed on a piezo stage (Nano-MZ,
MadCityLabs) via a custom built adapter plate. The piezo stage allows 25 µm motion in the
y direction, which in the instruments’ coordinate system is perpendicular to the optical axis
and the table, and is in turn mounted on a motorized 3-axis stage (M-562F-XYZ, Newport).
The adapter plate features two guiding rods that allow to slide the flow cell mount into
position from above. On one hand this reduces the danger of striking and misaligning
the objectives while inserting the flow cell and on the other hand ensures the mount is
always placed at the same position which is guaranteed within ∼100 µm along the optical
axis z. Overall, exchanging the flow cell is very fast and its placement is very reproducible
due to the guiding rods and the fact that all the flow cells are exactly the same. In order
to insert the microfluidic chip between the two objectives, extra space is required. As a
consequence, after inserting the flow cell and before starting the experiments, care has to
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be taken that objective O2 and the sample chamber are in the right position such that the
trap is formed inside the chip and the BFPI imaging conditions are met, for which auxiliary
cameras are used that observe the back-reflections (CAM-BF) and the transmission (CAM-
F) of the trapping laser.
Samples and buffers are brought into the flow cell through five inlets which each are
connected to a 2ml syringe via FEP tubing with 0.1mm inner diameter (JR-T-6704C, Vici-
Jour) and a valve (P-782, IDEX Health & Science). The syringes are filled with the sample
using regular pipettes and closed off with a custom made seal that also connects them to
a cylindrical pressure reservoir made from acrylic glass. The pressure in this tank can be
adjusted via three electronic valves (M-EV-2M-24, Clippard) connecting it to the building
pressure, vacuum and the ambient atmosphere. Due to the connection of this tank and the
sample syringes, regulating its pressure effectively sets the flow speed of the fluid through
the microfluidic chip. A pressure sensor (TSA-N-1-Z-B01D-A-T-V, Gefran) serves as an in-
dicator for flow speed. Finally, the outlet of the flow cell is connected to a Falcon tube to
collect the flow-through.
The stability of the systemwas assessed by initially increasing the pressure and observing
its development over the course of 4 h where an average loss rate of −15mbar h−1 was
found. This compares to a single pulse of opening the tank’s pressure valve resulting in an
increase of 30mbar which is commonly not enough to achieve significant flow speeds for
experiments, demonstrating the stability of the system.
Overall the flow setup is easy to use, provides up to five separate channels and all com-
ponents that are in contact with the sample can be readily exchanged. As such it supports
a variety of possible experimental routines.
2.2.4. Data acquisition
A variety of signals has to be acquired (trap positions, forces, pressure, temperature etc.)
and many devices have to be controlled (PM, AOD, motors, valves etc.) for proper func-
tioning of the instrument, especially since it is one aim to automate it as much as possible.
To achieve reliable measurements and low noise, it is important to select appropriate data
acquisition devices, that e.g. reducing aliasing, and to mindfully wire the electronics in-
volved.
Data collection and device control happen through two computers: a PC and a National
Instruments PXI controller (NI PXIe-8840) running the LabView Real-Time OS (RT con-
troller) (fig. 2.2.3). A real time operating system, among other characteristics, executes
code in deterministic time and consequently individual iterations of a loop always take
12
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Figure 2.2.3.: Data acquisition system1: The RT controller synchronizes all acquisition
devices. It records most signals, forwards them to the computer and steers the two traps.
The PC controls additional devices, such as the stepper motors moving the flow cell, and
constructs a unified data stream from the different sources that is forwarded to the GUI or
any other software. Scripting allows the automation of the entire setup.
the same time with a very high precision, reducing so called jitter. Such behavior is not
guaranteed by a regular operating system where execution times can vary significantly.
This ability is used to control code that is required to run at a fixed and stable frequency,
e.g. the motion of the traps at given velocity, which happens step-wise at 500Hz, or the
force-feedback. The latter provides the constant force operation mode, by permanently
monitoring the force signal and steering the AOD trap such that it remains constant. A
PID controller was implemented in software and is running at 1 kHz to achieve this. The
ability to apply a constant load is often useful when quantifying processes that are force de-
pendent such as the stepping rate of a molecular motor or transition rates of DNA hairpin
unfolding [VB98; Gre+05; Spu+08; Wal+11; BJS17].
The RT controller is embedded in a PXI system (NI PXIe-1071 and NI PXI-1033 chassis
combined via MXI Express), together with most other data acquisition components. It
controls signal recording from all these devices and generates the control output signals to
steer the connected units such as PM or AOD. Crucial analog signals, like the difference
signal of the position sensitive diodes that is proportional to the force and the position of
1Icons used in this illustration by Bhuvan [Bhu], Flatart [Fla], Demarco [Dem], and Geckodrive [Gec].
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the PM, are acquired with a dynamic signal acquisition (DSA) board (NI PXI-4472B), which
supports simultaneous sampling and excellent alias rejection up to the recording frequency
[BF04], at 100 kHz. Signals of lower importance, e.g. the pressure sensor or temperature, are
acquired through an M series data acquisition card (NI PXI-6289) at 2 kHz and upsampled
by repetition to match the 100 kHz. All signals are then combined into a uniform data
stream that is sent to the PC through the network.
Additionally, the RT controller creates a trigger signal for the large magnification camera
(CAM-L) image acquisition, with a frame grabber (AD4-CL, Silicon Software) installed in
the PC reading out the images. Its frame rate ultimately depends on the number of pixels
per acquired image but can go up to 1 kHz in our experiments. The trapped object is tracked
using a LabView built-in cross-correlation algorithm at the same frequency using parallel
computing.
Data acquired at the PC and at the PXI controller is then combined to a single data
stream that is recorded to disk and simultaneously used for display in the graphical user
interface (GUI). However, merging data from different sources requires a common index
and it seems natural to use the acquisition time of each data point for this purpose. But one
has to be careful andmake an extra effort to ensure that the clocks of all systems involved in
data acquisition are synchronized, otherwise there will be temporal shift between different
channels such as e.g. the bead position from video tracking and the diode signal.
The data acquisition system was setup to increase the versatility of the instrument while
guaranteeing high resolution measurements in space and time through the chosen elec-
tronics. At the same time, electronic noise noise was minimized by grounding all devices
from the beginning, whilst checking for ground-loops, and using shielded cables for data
transfer to prevent electronic cross-talk.
2.2.5. Temporal synchronization of the data acquisition
When combining high frequency data acquired on various devices, it is important to ensure
that the attached timestamps do actually describe the same point in time of the experiment.
Since clocks built into computers, such as the tweezers control PC or the RT controller,
usually display some variation in clock speed, the default timestamp created by LabView
(or any other software for that matter) is not a reliable source for synchronizing data. Two
options exist to overcome this issue:
• Ensure a tight synchronization of the clocks in the different devices using e.g. the
Global Positioning System (GPS) or the Precision Time Protocol (PTP).
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• Run all data acquisition tasks off the same high precision clock.
The optical tweezers setup uses the second option which relies on a single reference
clock ticking at its specific frequency. This signal is routed to all other devices that acquire
samples at a rate that is an integer divider of this reference. For modern PXI systems the
reference can e.g. be the 10MHz backplane clock that is easily exported to all devices. Since
some older devices were employed, this was not available and instead the DSA clock was
used due to its very precise frequency. The DSA has an internal clock running at 12.8MHz
(sample clock timebase) and outputs the digitized analog signal at 100 kHz (sample clock).
The sample clock, that ticks for each generated sample, is exported as the timebase for the
M-card, acquiring at 2 kHz, and the AOD position recording loop, running at 1 kHz. All the
analog signals recorded by the RT controller are therefore synchronized.
In order to also synchronize the bead-tracking camera (CAM-L), a trigger signal for frame
acquisition is created by the RT controller. Its frequency is determined by the minimal
integer divider of the DSA sample clock that results in an allowed frame rate of the camera
for the given image size in number of pixels (or region of interest size). In other words,
the camera frame rate is maximized while the trigger signal is generated by the same clock
that acquires the analog signals. The images are recorded by the PC and have no time
information attached. For this reason, the timestamp is derived from two components:
the current frame number, as counted by the camera, and the delay between starting the
analog signal recording and the image acquisition in terms of ticks of the sample clock that
are registered by digital counters. This timestamp then permits to integrate the image and
the bead tracking data into the high frequency data stream from the RT controller. Another
signal acquired by the PC is the flow cell position, determined by the position of the motors
steering it. Their time offset with the RT controller is retrieved using the Network Time
Protocol (NTP) with a precision of several tens of milliseconds, largely sufficient in this
case.
In summary, temporal synchronization of the various signals is achieved by using the
same clock as a trigger signal for all data acquisition devices (i.e. analog, digital, camera)
and referencing data to the time on the RT controller.
2.2.6. Building a custom motor controller
Since a high degree of automation is a goal for the new instrument, elements that require
motion during experiments must be mounted on motorized stages. As an example, objec-
tive O2 has to be moved in and out for mounting the flow cell or, even more importantly,
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the flow cell must be moved in order to make the different channels accessible to the traps.
The motors used in the instrument are stepper motors (ZST213B, Thorlabs) mounted to
the flow cell and objective stages. In this setup, a digital controller (G203V Vacuum, Gecko-
Drive) is used that converts a binary stepping signal into the required phase configuration
for moving the motor by a step. The controller is configured specifically to disable all cur-
rents after 1 s of no signal which prevents heating and strong electromagnetic fields that
might interfere with the trap or data lines. The motors have a gear ratio of 40.866:1 and a
1mm pitch lead screw, i.e. it must rotate 40.866 times to advance by 1mm. They require 24
full steps per revolution of the lead screw which the controller divides into 10 microsteps,
resulting in a theoretical motion of 0.1 µm per step.
The stepping signals for all four GeckoDrives are generated by a microcontroller (Ar-
duino Due) that receives binary commands (e.g. constant speed, move to position etc.) via
a serial interface. This is connected to the PC and a high-level LabView library was written
to control the individual motors. The software also includes homing routines and reads the
limit switches of the motors that indicate an out-of-range position and stops any motion
to prevent damage. Such a setup requires interconnection between motors, GeckoDrive
controllers, Arduino and power supplies, which is realized by a custom built printed circuit
board (PCB) that provides plug-in ports for all components. The Arduino software is cus-
tom written and takes care of proper ac- and deceleration of the motors required to prevent
stalling the motor when accelerating and extra steps du to inertia when stopping such that
simply counting the steps done in each direction yields the accurate position of the motor
[Aus04; Qui12].
One key feature of this solution is communication speed. The round-trip time from emit-
ting a command on the PC until receiving a reply from the microcontroller which initiates
the motion is on the scale of 10s of microseconds thus very low compared to some com-
mercial solutions. This is beneficial when automating actions that require quick response
to events, such as actively trapping a bead by detecting and following it [JR16].
In summary, a complete custom stepper motor controlling system was built, based on an
Arduino Due and the GeckoDrive controllers, that allows fast and accurate stepper motor
control from the PC and various types of motion.
2.3. Software Design
The tweezers control software was written from ground up with a specific set of goals in
mind, inspired by experiences from other instrument controls.
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• Modularity
The entire suite shoud be composed of individual modules that only perform a single
task, e.g. PM control, motor steering or calibration routines. Each such module im-
plements a standardized way to communicate commands, status messages and data
to enable interaction with other components. This scheme allows to easily replace
modules and change or upgrade their functionality, e.g. improved analysis or calibra-
tion routines, without breaking existing code as well as to reuse the components in
other contexts or projects.
• Scriptable
As many aspects of the software as possible should be accessible to external pro-
grams. It is impossible to foresee all future use cases of the instrument and specific
aspects or routines might be missing from the current software suite. Giving users
access to the features of the machine enables them to extend the GUI or automate
certain procedures, making their experiments more reproducible and reduce human
errors on repetitive tasks. It also opens the door to new levels of automation, by e.g.
the TweeBot project [JR16] where complete experiments could be run by themachine
and human creativity would be free to engage in other challenges.
• Multi-user environment
The device is built to be used by multiple users for a broad range of projects. It should
therefore be possible to store the custom instrument configuration on a per-user basis
to reduce the time-to-experiment after starting up the machine.
• Save everything
Always record the state of the apparatus as metadata to allow proper knowledge
about the conditions under which an experiment was performed. This also enables
analysis of the long-term instrument performance, a simple example being the track-
ing of room temperature fluctuations during the seasons (section 2.2.1)
The entire software was implemented in LabView, since it makes data acquisition and
GUI programming straight forward, and relies heavily on the object-oriented G# frame-
work. Modularity is achieved in this setting by identifying hardware (motors, laser etc.)
and logical (calibration, data recording, bead tracking etc.) units which are developed and
tested independently and expose a clear API.These are then put together and communicate
with each other through message queues to form the actual control software (“Tweezers
Server”). The latter on one hand exposes a public interface for scripting using Network
17
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Shared Variables and on the other hand exchanges data and commands with the RT con-
troller through network sockets. The GUI, through which a user controls the instrument,
can in this context be seen as a script that accesses public functions of the control software,
which implies that each feature of the GUI, and more, is also available to custom scripts.
These can control everything that is required to run a successful experiment, a direct con-
sequence of the fact that the remote control of the instrument requires motorization and
computer control of all elements essential for operation. In addition to the GUI and scripts,
an XBox controller puts a wealth of functions at the users fingertips in order to efficiently
perform manual experiments.
All the information that is displayed to the user via the GUI is also saved to the data files
either as metadata, to keep track of the instrument’s state during each experiment, or time
series of the measurement. Also, settings of the device are stored in a custom configuration
file per user such that it is easy and fast to switch between experiments
Defining these guidelines at the beginning of the development resulted in a versatile,
easy to use and serviceable software for the new optical tweezers setup. Especially the
ability to partially or even fully automate experiments has already been used extensively
and has opened the door to even higher throughput experiments.
2.4. Putting the instrument to the test
After building the optical tweezers, force-measurement performance and stability experi-
ments were performed, using approaches common to the field, to test the instrument.
First, the standard assay of stretching DNA was carried out. In these experiments, DNA
from Escherichia virus Lambda (λ-DNA), with a length of 48.5 kbp (16.5 µm), functionalized
with Biotin (Lumicks) was used. Themolecule was suspended between two 4.4 µm diameter
Streptavidin coated beads and stretched by moving the AOD to increase the inter-trap dis-
tance. The end-to-end length, or extension d , of the molecule was measured together with
the applied force F , resulting in a so called force-extensions curve (fig. 2.4.1). In the next
step, the properties of the molecule were further quantified based on the fact that DNA is
a polymer and well described as a worm-like chain (WLC). Here, the twistable WLC model
is fitted to the data since it is applicable to a wide range of forces and the best description
of DNA mechanics to date [Gro+11]. It is given by
d(F ) = Lc
(
1 −
1
2
√
kBT
FLp
+
C
−д(F )2 + SC
F
)
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Figure 2.4.1.: (a) The DNA is suspended between two beads that are held in the optical
traps. The extension d is determined from the total trap separation, the measured bead
deflections xi and the known sum of bead radii a1 + a2. (b) Force extension curves of
double- and single-stranded λ-DNA (48.5 kbp). The characteristic overstretching transition
of dsDNA happens ∼65 pN. The twistable worm-like chain model was fitted to the dsDNA
between 3–60 pN and the freely jointed chain theory was fitted to the ssDNA data in the
range of 3–80 pN. Both results are in good agreement with results in the literature.
with the contour length of the molecule Lc, the stretch modulus S , the persistence length
Lp, the twist rigidity of DNAC = 440 pNnm2, the twist-stretch coupling д(F ) and thermal
energy kBT . The persistence length quantifies the stiffness of the polymer chain and is
defined as the length scale over which correlations of the tangent vectors to the molecule
decay. In other words, for length scales much smaller then the persistence length, the
polymer is considered to be rod like whereas for much longer distances it is considered
to follow a random walk. So the more rigid a molecule, the higher its persistence length.
The twist-stretch coupling links the extension of the molecule to the degree of helical un-
or overwinding. Its functional form is given as a piece-wise function by д(F ) = д0 + д1F
where д0 = −637 pNnm, д1 = 17.9 nm and the force is considered constant as F = Fc for
F < Fc with Fc = 30 pN [Gro+11].
Single-stranded DNA by contrast, is better modelled as a freely jointed chain
d(F ) = Lc
[
coth
(
Fb
kBT
)
−
kBT
Fb
] (
1 +
F
S
)
where the Kuhn length b describes the length of independent polymer segments and is re-
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Figure 2.4.2.: (a) The Allan deviation was calculated as a measure of temporal drift of the
system. Experiments were performed for only 4 µm beads, beads with a DNA tether held
at 17 pN and beads of half the size with 2 µm diameter. On small timescales, thermal fluc-
tuations limit resolution but in the range of 1–10 s signals well below 1 nm are accessible.
(b) λ-DNA is held at a force of 23.2 pN between two beads. The 1 kHz force feedback con-
trolling the AOD compensates an external motion of the PM trap in order to maintain the
force.
lated to the persistence length as b = 2Lp.
Both forms of DNA were fitted with their respective theory to extract the relevant pa-
rameters, yielding the contour length Lc = 16.3 µm, stretch modulus S = 1310 pN and
persistence length Lp = 47.3 nm for double-stranded DNA and Lc = 27.1 µm, S = 571 pN
and Kuhn length b = 1.5 nm for single-stranded DNA. These results are in good agree-
ment with previously published values [SCB96; Wan+97] which shows that the instrument
measures forces and distances correctly and is ready to investigate new problems.
Second, the Allan deviation was used to assess the drift of the setup on the time scales
relevant to the experiments [CRO09; Mah11]. To calculate it, one splits the measured signal
in intervals of duration τ and computes xi as the average of x in the ith interval. It is then
defined as
σx(τ ) =
√
1
2
⟨
(xi+1 − xi)2
⟩
τ
where ⟨. . . ⟩τ is the arithmetic mean for the given time interval τ .
The Allan deviation was obtained for different experiments: a trapped 4 µm bead, a 4 µm
bead tethered to λ-DNA held under a tension of 17 pN and a 2 µm bead (fig. 2.4.2). At
low time scales, it is ∼ τ−1/2 in a agreement with the limit imposed by Brownian motion.
However a minimumwell below 1 nm is reached around τ ∼ 1−10 s before slow drift effects
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dominate the noise and reduce the resolution on longer time scales. This compare well to
previously reported optical tweezers setups [Mah11; Jah12]. For the 4 µm beads, the benefit
of differential detection [Mof+06] applied to a tetheredmolecule becomes clear as it reduces
the impact of thermal fluctuations on the analyzed signal. At the same time, a smaller bead
improves the resolution of the instrument because of its smaller drag coefficient and in this
case higher trap stiffness due to constant laser power for all experiments. This shows the
sensitivity of the instrument which is limited by inevitable thermal fluctuations for short
measurement times but reaches sub-nanometer resolution on the second scale.
Finally, the functionality of the force clamp was demonstrated using a piece of λ-DNA
suspended between two beads. The feedback was activated on the AOD trap while the PM
was steered manually and the force clamp successfully maintained the set force (fig. 2.4.2).
Together with the observed low temperature variability (section 2.2.1) and the low pres-
sure loss rate, these experiments demonstrate the stability and functionality of the instru-
ment.
2.5. Conclusions
In this chapter, the construction of a stable high-resolution dual-trap optical tweezers setup
was reported. The new instrument is highly automated, provides a multi-user environ-
ment, permits high data acquisition rates of 100 kHz, enables brightfield imaging and bead
tracking at 1 kHz and is equipped with a versatile laminar flow system. Its performance is
comparable to other state-of-the-art machines thanks to the careful design and building of
the instrument. The aims of stability, flexibility and sensitivity were met - resulting in a
tool to enlighten the molecular world and unveil its secrets.
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3
Calibration of optical tweezers: From
volt to newton
The ultimate goal of an optical tweezers setup and the task at which it excels is measuring
forces on the piconewton and displacements on the nanometer scale – or below. What is,
however, actually measured by the physical devices in play are mostly voltages, so in order
to retrievemeaningful results the detectors have to be calibrated. In our setup, there are two
important calibrations: the distance calibration, that locates the laser focus w.r.t. the camera
field of view, and the so called thermal calibration. The latter determines the properties of
the optical traps and the position sensitive diodes and allows for the conversion between the
raw data and the desired physical units. In general, these calibration parameters depend
on factors like laser power, temperature, bead size or detector bias voltage out of which
some vary over time or for new experiment iterations. Hence, the calibration should be
repeated regularly, ideally with each new trapped bead pair. Thermal calibration leverages
the Brownian motion of a bead in the trap, hence the name, and is described and developed
further in this chapter.
In back-focal plane interferometry detection, which is used in this instrument, the dis-
placement x of the bead from the trap center, its deflection, is linear to the measured dif-
ference signal of the diode Vdiff for small x such that x = βVdiff with displacement sen-
sitivity β [SB94; GS98; Jah+11]. The size of this linear region depends on e.g. bead size
and beam waist diameter and is ∼300 nm in each radial direction in our experiments, as
estimated from measuring the complete force field of the trap and the detector response
[GS98; Jah+11]. As mentioned in chapter 2, the force F trap acting on the bead is well de-
scribed as a Hookean spring within the linear regime so F trap = −κx with the stiffness κ
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[KS17]. In order to properly calibrate the instrument, the displacement sensitivity and the
stiffness of the traps must be determined. The well established and commonly used power
spectrum method, described in the next section, allows to simultaneously derive both pa-
rameters from a single measurement [VGB96; BF04; NB04]. For a more detailed review of
alternatives see Neuman and Block [NB04] and Koch and Shaevitz [KS17].
However, the regular power spectrum method has one major drawback in that it relies
on prior knowledge about the system: the drag coefficient γ of the trapped object has to
be known for the calibration. For a sphere, commonly used in tweezers experiments, this
is Stokes’ drag γ = 6πηa with viscosity η and bead radius a. Both of these are usually
not precisely known leading directly to significant errors in the calibration. For the bead
radius one can make efforts in trapping only right-sized beads or purchase a product with
a smaller variation of sizes to reduce this error. The viscosity, by contrast, is generally cal-
culated from the measured temperature using empirical formulas [Hub+09; Che08]. An
optical tweezers instrument might be optimized for global instrument stability but due to
the tight focusing of the trapping laser, temperature is far from stable in the vicinity of
its focus. This local heating has been studied extensively and was found to be as high as
4 K/100mW of laser power [Cat+17; PGS03; dRos+13]. One can easily calculate that an
error of 4 K in the temperature translates to an error of about 10 % in the viscosity, a fig-
ure more than reasonable since optical tweezers regularly use ∼1W per trap or more. So
eliminating the viscosity from the calibration routine has the potential to greatly increase
the accuracy and precision of the calibration. Tolić-Nørrelykke et al. [Tol+06] described a
method that does so and relieves the experimenter from these constraints. However, their
technique was developed for a single-trap optical tweezers and it is not evident that it can
simply be adapted to a dual-trap setup. Here, the general calibration principles and the ad-
vanced technique by Tolić-Nørrelykke et al. are revised before finally the underlying theory
is pushed further such that the viscosity-free calibration routine becomes also applicable to
dual-trap optical tweezers. This not only allows precise calibration of the instrument, but
also to perform experiments in buffers whose viscosity might not be readily known, con-
taining components like Glycerol, polyethylene glycol (PEG) or even Xenopus laevis egg
extract.
3.1. Power spectrum calibration method
A suspended bead undergoes Brownian motion as the result of collisions with thermally-
drivenmolecules but is confined as soon as it falls into an optical trap. In order to determine
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the calibration parameters of the instrument, the thermal fluctuations of the bead in this
harmonic potential are observed. At low Reynolds number, these are described by [Doi90;
Dho96; MQ99; Rei06; vHan+12]
v = µF trap +vT. (3.1.1)
Herev is the velocity of the bead, F trap the trapping force,vT the Brownian motion of the
bead and µ the self-mobility matrix that is equal to the inverse of the drag coefficient of the
bead µ = 1/γ I with identity matrix I . Without loss of generality, only one dimension is
considered and the Langevin equation rearranged to the familiar form
γ ẋ(t) + κx(t) =
√
2kBTγξ (t) (3.1.2)
where ξ (t) describes the normalized white noise with no mean and autocorrelation
⟨ξ (t)⟩ = 0 ⟨ξ (t)ξ (t ′)⟩ = δ(t − t ′). (3.1.3)
The Fourier transform of eq. (3.1.2) reads
−i2π f γ x̃(f ) + κx̃(f ) =
√
2kBTγ ξ̃ (f ) (3.1.4)
and allows to solve for x̃(f )
x̃(f ) =
√
2Dξ̃
2π(fc − i f )
(3.1.5)
using the Einstein relation for the diffusion coefficient D = kBT/γ and defining the corner
frequency fc = κ/2πγ .
The single-sided (f ≥ 0) experimental power spectrum, in other words an estimator of
the power spectrum called periodogram, based on a measurement of duration tmsr, is given
by
Pex =
|x̃(f )|2
tmsr
. (3.1.6)
The expected value of the power spectrum, more precisely of the power spectral density,
for infinite measurement time then takes the shape of a Lorentzian function.
P(f ) = lim
tmsr→∞
⟨Pex(f )⟩ = 2⟨|x̃(f )|
2⟩ =
D
π2(f 2 + f 2c )
(3.1.7)
In the calibration procedure, one records a time series, computes the experimental power
25
Chapter 3. Calibration of optical tweezers: From volt to newton
spectrum Pex(f ) (PSD) and fits a Lorentzian to it. Due to the linear relation between voltage
signal and displacement with proportionality factor β the theoretical power spectrum, in
units of nm2 Hz−1, and the experimental one, in units of V2 Hz−1, are related via
P(f ) = β2Pex(f ). (3.1.8)
So the displacement sensitivity β can be found by comparing the theoretical diffusion co-
efficient (Dx) and its experimental counterpart obtained from the fit (DV). The stiffness κ
of the trap can be calculated from the corner frequency obtained by the fit and the force
sensitivity ϕ is defined as the product of these two.
β =
√
Dx
DV
[β ] =
nm
V
κ = 2πγ fc [κ] =
pN
nm
ϕ = βκ [ϕ] =
pN
V
(3.1.9)
Various effects can alter the power spectrum, either the physical or the experimental one,
and should be considered for high-precision calibrations as described by Berg-Sørensen and
Flyvbjerg [BF04].
• Hydrodynamic interactions with a nearby surface changes the drag coefficient ac-
cording to Faxén’s corrections affecting the physical power spectrum.
• Data acquisition, since it is discretely sampling a continuous signal, introduces alias-
ing to the experimental power spectrum, i.e. it projects power from high into low
frequencies. Even anti-aliasing filters do not entirely remove this effect such that it
needs to be taken care of. The exception are delta-sigma analog-to-digital converters
that remove aliasing by noise-shaping through oversampling.
• The material of the position sensitive diode might be transparent at the laser wave-
length as is the case with the often used combination of silicon detectors and 1064 nm
lasers [Ber+03]. The recorded signal then has two components: an instantaneous
fraction αdiode and a response delayed by tens of microseconds which acts as a low-
pass filter. The effect on the power spectrum is described by
P(f )
P0(f )
= α (diode)2 +
1 − α (diode)2
1 +
(
f /f
(diode)
3 dB
) 2 (3.1.10)
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Figure 3.1.1.: Experimental power spectrum fitted with the theoretical expectation value
to extract the calibration parameters for the optical trap. Fits are shown with and without
taking infrared transparency of the diode into account.
which introduces two new fitting parameters: α (diode) and f (diode)3 dB .
• The description of real Brownian motion of a sphere in an incompressible liquid re-
quires modelling beyond white noise. The friction of a sphere in the fluid depends
on its previous motion which results in its drag coefficient becoming frequency de-
pendent. This colored noise is, however, not resolved in the presented measurements
and therefore ignored in the fitting routines [BF05]. It should be noted though that
optical tweezers have been used to detect this effect [Fra+11].
In the newly built instrument, thermal calibration is performed by acquiring a time series
of 1.25MS at 100 kHz, splitting it into 125 non-overlapping segments (tmsr = 0.1 s) and
computing the experimental power spectrum for each of these. The calibration parameters
(eq. (3.1.9)) are then determined from fitting the theory (eq. (3.1.7)) to the average of all
these power spectra where the standard deviation for each frequency bin is used as the
weight in a least-squares fit.
Experiments are performed in the middle of the flow cell where the distance to the next
surface is ∼250 µm, so hydrodynamic couplings to the flow cell can be ignored in the the-
ory. There is also no significant aliasing since a DAQ card with delta-sigma analog-to-
digital converters is employed (section 2.2.4). This was verified by fitting a recorded power
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spectrum with taking aliasing into account adopting published routines but no effect was
observed [TBF04]. However, diode transparency has to be considered since the detector
used is manufactured from silicon. As the only correction to the theory, this is sufficient to
fit the experimental power spectra well (fig. 3.1.1).
Altogether, this approach to calibrate an optical tweezers yields both required parameters
from a single measurement and is widely used for its simplicity.
3.2. Fluid flow during calibration: The oscillation
method
The calibration of an optical tweezers using the power spectrum method requires knowl-
edge of the drag coefficient of the trapped object. Poor estimates of these parameters are
the major source of uncertainty in this routine which becomes a problem if precision is re-
quired. As an example, the diameter of commonly used beads is given by the manufacturer
with a large coefficient of variation (CV) of up to 16 % (2.1 µm diameter polystyrene beads,
SVP-20-5, Spherotech) translating directly into an imprecise value for the drag coefficient
and therefore the calibration result. The fact that also viscosity is not well known due to
local heating or the use of special buffers, as described above, worsens this estimate. In or-
der to overcome these limitations Tolić-Nørrelykke et al. [Tol+06] developed an extended
calibration method that also measures the drag coefficient and therefore is independent of
theoretical assumptions.
Conceptually, they suggest to stimulate the bead and quantify its response as an addi-
tional measure that allows to determine the drag coefficient. This is realized by moving
the flow cell sinusoidally using a piezo stage during the acquisition of the calibration time
series which creates a fluid flow around the trapped bead and therefore a periodically os-
cillating drag force. The response of the bead to this external excitation results in a peak
in the power spectrum around the frequency at which the stage is driven (fig. 3.2.1). If the
driving frequency fd is an integer multiple of the frequency resolution of the power spec-
trum Δf = 1/tmsr, the peak will consist of a single datum and the rest of the spectrum is
unaffected. The drag coefficient of the trapped object can be determined from the observed
peak and used in the regular calibration routine based on the remaining power spectrum
after discarding the datum at fd. If the object is symmetric (e.g. a bead), the axis perpen-
dicular to the oscillation direction can be calibrated assuming the same drag coefficient. In
the following, the procedure and its underlying theory is recapitulated.
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Figure 3.2.1.: (a) Oscillatory motion of the flow cell during the calibration and the mea-
sured response of the bead. (b) Power spectrum with the single datum peak due to the
oscillation of the flow cell at 30Hz. The work performed by the bead in response to the
excitation is the additional area under the peak. The fit was performed taking into account
diode transparency effects.
The piezo stage, and therefore the flow cell, is moved (fig. 3.2.1) according to
xD(t) = A sin(2π fDt) (3.2.1)
with amplitudeA, driving frequency fD and position xD. The fluid moves with the flow cell
with velocity vD around the bead creating a drag which adds an extra term to the bead’s
Langevin equation of motion compared to eq. (3.1.1).
v = vD + µF trap +vT (3.2.2)
After reduction to one dimension, parallel to the direction of the oscillation, this can be
rewritten as
γ [ẋ(t) −vD(t)] + κx(t) =
√
2kBTγξ (t). (3.2.3)
Its Fourier transform then becomes
−i2π f γ x̃(f ) − 2π f γ
A
2
[δ(f + fD) − δ(f − fD)] + κx̃(f ) =
√
2kBTγ ξ̃ (f ). (3.2.4)
Solving for x̃(f ) yields
x̃(f ) =
√
2Dξ̃
2π(fc − i f )
+
A
2(i − fc/f )
[δ(f − fD) − δ(f + fD)]. (3.2.5)
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The single-sided expected power spectrum then has a thermal term PT and a response term
to the flow cell oscillation PD.
P(f ) = PT + PD
=
D
π2(f 2 + f 2c )
+
A2
2(1 + f 2c /f
2
D)
δ(f − fD)
(3.2.6)
In the next step, the power of the trapped bead’s response to the external excitation, the
oscillation of the flow cell, is derived. The theoretical prediction for the response power is
given by integration up to the Nyquist frequency.
Wth =
∫ fNyq
0
PD(f )df =
A2
2(1 + f 2c /f
2
D)
(3.2.7)
The amplitude A can be measured from the piezo stage and the driving frequency fD is
readily known. If the acquisition time is an integer multiple of the stage oscillation period
1/Δf = tmsr = n/fD, the peak in the power spectrum consists of a single datum and the
measured response can be calculated from the area under the spike.
Wex = [Pex(fD) − P
T
ex(fD)]Δf (3.2.8)
Here, Δf is the frequency resolution of the power spectrum and PTex(fD) its thermal back-
ground at the oscillation frequency which is calculated from the Lorentzian fit. The dis-
placement sensitivity is then determined by the ratio of the theoretical and experimentally
measured response power and allows to determine drag coefficient and stiffness.
β =
√
Wth
Wex
γ =
kBT
β2DV
κ = 2π fcγ = 2π fc
kBT
β2DV
(3.2.9)
It is therefore possible to calibrate an optical tweezers setup without any assumption
of the trapped particles drag coefficient by only measuring the well determined stage os-
cillations. In this setup, each individual power spectrum is acquired for tmsr = 0.1 s (sec-
tion 3.1) soΔf = 10Hz. In order to achieve the single datum peak, as described above, the
piezo stage is driven at 30Hz and the amplitude is typically measured as A = 180 ± 1 nm
(fig. 3.2.1).
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The calibration scheme described by Tolić-Nørrelykke et al. [Tol+06] can be applied to
the new optical tweezers apparatus which increases the versatility and precision of the
device. However one has to be careful since its validity was shown for a single-trap setup
only whereas generally two beads are trapped for experiments here.
3.3. The Oscillation method for a dual-trap setup
Calibration of an optical trap mostly happens through the observation of an object held
by the laser to infer the trap properties. The information content of this measurement can
be increased by applying an external excitation and quantifying the object’s response. But
how do multiple beads embedded in a fluid interact as a result of such an external force?
And how does this coupling affect the calibration routine layed out before?
3.3.1. Hydrodynamic interactions of two trapped beads in an
external flow field
The effects of hydrodynamics can be included in the theory by introducing coupling terms
between beads to the equation of motion (eq. (3.2.2)). Depending on how exactly one for-
mulates these terms, different characteristics can emerge.
One consequence that was studied before is the hydrodynamic coupling of Brownian
motion between two beads in a trap [MQ99; BHM01]. Meiners and Quake identified a
characteristic anti-correlation between the two bead deflections, depending on sphere size
and distance, as a result of instantaneous hydrodynamic coupling and finite trap relaxation
time. Importantly, they also describe that the autocorrelation of a bead in a trap is not
affected by the introduction of a second trap holding a bead. Since the power spectrum, ac-
cording to the Wiener–Khinchin theorem, is the Fourier-transform of the autocorrelation,
there is also no effect on the power spectrum calibration method from the hydrodynamic
coupling of the Brownian motion of the beads. Therefore, it is not considered here.
The presence of a second trapping beam might, however, affect the power spectrum of a
bead through polarization crosstalk. A complex routine to calibrate dual-trap optical tweez-
ers taking it into account was suggested by von Hansen et al. [vHan+12] but is mostly
focussed on the effects of signal processing and retarded hydrodynamics, a result of the
frequency dependence of the mobility matrix. However, the expressions derived by the
authors reduce to the quasi-stationary form of hydrodynamic interactions for low frequen-
cies, such as the flow cell oscillation at 30Hz used in the present setup. In addition, they
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find the effects of polarization crosstalk and retarded hydrodynamics to only marginally
affect the auto-power spectra but to be required for understanding the cross-power spectra
calculated between beads. Here, only auto-power spectra and the low frequency regime
are investigated such that it is sufficient to consider the quasi-stationary case, i.e. neglect
the frequency dependence of the mobility matrix, without loss of accuracy. Also the polar-
ization crosstalk is not considered since it was found to be very small in section 2.2.2.
The authors do, however, comment on the oscillation calibration scheme in their dual-trap
instrument but use it only to determine the radius of their beads instead of eliminating the
quasi-stationary Stokes drag from the equations. Finally their proposed calibration scheme
requires three measurements: one for each trap holding a bead with the other trap empty
and one for both traps being empty. This is generally not very practical since it on one
hand is more time consuming, thus potentially reducing the experimental throughput, and
on the other hand results in the experiments being performed with different beads than the
ones used in the calibration. Having to trap fresh beads might invalidate the calibration or
lead to unknown errors due to the often large CV of commercially available functionalized
beads of ∼15 %.
To overcome these limitations, an approach is developed here, by building up on the
theory described in the previous sections, where the hydrodynamic interactions between
beads only due to external forces are taken into account and which is based on a single
time-series measurement.
3.3.2. Hydrodynamic coupling affects the oscillation power
spectrum
For multiple particles, eq. (3.2.2) generalizes for the velocity of particle i as the sum over
the external forces acting on all N particles [Bat76; JO84; Rei06; Miz+14].
vi = v
D +
N∑
j=1
µijF
trap
j +v
T (3.3.1)
Here, the matrix µij describes the self-mobility (inverse of drag coefficient) for i = j and
the cross-mobility for i , j. In general, the velocities, forces and mobilities vary over
time, which is omitted for clarity. Also, only translational couplings between the beads are
investigated and the system is considered torque free since the spheres can freely rotate in
the traps and existing torques will vanish very quickly. When selecting for example bead
32
3.3. The Oscillation method for a dual-trap setup
i = 1, for a two-bead system this reads
v1 = v
d + µ11F
trap
1 + µ12F
trap
2 +v
T
1 . (3.3.2)
The quasi-static case is considered, so the velocity of the other bead vanishesv2 = 0 since
the trapping force balances the drag exerted by the moving fluid such that F trap2 = −γ2v
D.
This is at the same time the force applied by the bead onto the fluid, which creates an inverse
flow field that slows down the oscillation-driven flow. The equation of motion then reads
γ1v1 = −κ1x1 + γ1v
D − γ1µ12γ2v
D +
√
2kBTγ1ξ 1 (3.3.3)
and a new prefactor to the driving velocity parametrizes the hydrodynamic coupling of
bead 2 with bead 1, as compared to eq. (3.2.2).
c1 = I − γ2µ12 (3.3.4)
Without loss of generality, the case of the presented optical tweezers setup is considered
where the fluid oscillations are applied along y which is also the alignment direction of the
two traps. So using
µij =
©­«
µxxij µ
xy
ij
µ
yx
ij µ
yy
ij
ª®¬ , vD = ©­«
0
vD
ª®¬ , x = ©­«
x
y
ª®¬ (3.3.5)
yields µ12vD = µ
yy
12v
D. However it is important to point out that the coupling term µ12vD
contributes to the velocity of bead 1 in any geometrical configuration, only the magnitude
of this effect can vary depending on the exact realization as shown in the next sections. For
the y component, parallel to the oscillation, and after rearranging the terms, one gets the
equation of motion
γ1(ẏ1 −v
D(1 − µ
yy
12γ2)) + κ1y1 =
√
2kBTγ1ξ1 (3.3.6)
and the coupling factor
c1 = 1 − γ2µ
yy
12. (3.3.7)
It is a common assumption that µij = µij(rij) is a function of inter-bead distance rij which
will also be demonstrated later when investigating various estimates for the mobilities.
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During calibration, the distance between beads does not vary significantly and is with r12 >
10 000 nmmuch larger than the standard deviation σy of a bead’s positional fluctuations due
to Brownian motion with σy < 10 nm. One can therefore follow the previous solution of
eq. (3.2.3) and come to a similar result.
P(f ) = PT + PDhydro
= PT + |c |2PD
=
D
π2(f 2 + f 2c )
+
c2A2
2(1 + f 2c /fD
2)
δ(f − fD)
(3.3.8)
From here it is seen, that the theoretical value for the work in the peak of the power spec-
trum has to be adjusted for the case of two beads.
Wth,hydro =
∫ fNyq
0
PDhydro(f )df = |c |
2
∫ fNyq
0
PD(f )df (3.3.9)
In combination with eq. (3.2.9), this leads to the following expressions for the hydrodynam-
ically correct calibration factors.
γhydro =
1
|c |2
γ
βhydro = |c |β
κhydro =
1
|c |2
κ
ϕhydro =
1
|c |
ϕ
(3.3.10)
In the calibration of a dual-trap using the oscillation scheme, a bead is excited only by
the reduced driving flow field created by the second bead which slows down the fluid flow.
This in turn leads to a lower response and thus to a lower power in the characteristic peak
of the recorded spectrum that must be taken into account for precise calibration. It was
shown, that a single multiplicative factor parametrizes the hydrodynamic coupling of the
two beads and is sufficient to correct the calibration routine. In the following paragraphs,
different models are investigated to determine this factor.
Oseen approximation
In general viscous fluid flow is described by the Navier-Stokes equation. The present case
considers hydrodynamics at low Reynolds number, also termed the creeping flow limit or
34
3.3. The Oscillation method for a dual-trap setup
Stokes flow, which are governed by the equations
η∇2u − ∇p + f = 0 (3.3.11)
∇u = 0 (3.3.12)
with pressure p, flow velocity u and force field f . When approximating the acting force as
point like, i.e. f = Fδ(r ′), the equation is solved by the Green’s function G
u(r) = G(r − r ′)F . (3.3.13)
The function G it is commonly called the Oseen tensor and describes the fluid flow at a
position r that is excited by a point like force at r ′. In the configuration described here,
this is the flow field created by bead j which interacts with bead i giving rise to a drag force
such that it follows the flow field if no other external force is acting. For i , j, the Oseen
tensor therefore describes the bead cross-mobilities
µij = G(r ij) =
1
8πηrij
(
1+
r ij ⊗ r ij
r2ij
)
(3.3.14)
with bead distance vector r ij , rij = |r ij | and ⊗ being the dyadic product [Rei06]. As men-
tioned before, it is seen that the cross-mobility depends on the distance between the beads
and it is considered to be constant due to the multiple orders of magnitude difference be-
tween the positional fluctuations and the inter-bead distance.
When projecting the Oseen tensor onto the oscillation axis, the hydrodynamic correction
factor (eq. (3.3.7)) takes the form
c1 = 1 −
3
2
a2
r12
(3.3.15)
where aj is the bead radius.
Rotne-Prager approximation
An more precise way to estimate the cross-mobilities is the method of reflections [RP69;
RS04; Zuk+14]. One calculates the flow field created by an external force on bead i and it’s
effect on bead j. The resulting motion of bead j then also creates a flow field that interacts
with and affects the motion of bead i . This iteration can go on and yields corrections to the
full flow field with increasing powers of inverse bead distance. The Rotne-Prager approx-
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imation is the first iteration step of this infinite series and, for a two bead system, yields
µij =
1
8πηrij
[ (
1+
r ij ⊗ r ij
r2ij
)
+
2
3
(
a
rij
) 2 (
1 − 3
r ij ⊗ r ij
r2ij
) ]
(3.3.16)
for the cross-mobilities. Similar calculations provide a result for beads of different radii
[Zuk+14; TB77].
µij =
1
8πηrij
[ (
1+
r ij ⊗ r ij
r2ij
)
+
a2i + a
2
j
3r2ij
(
1 − 3
r ij ⊗ r ij
r2ij
) ]
(3.3.17)
After projection on the y-axis,the hydrodynamic correction factor c12 for same-sized
beads becomes
c12 = 1 −
3
2
a
r12
+
(
a
r12
) 3
(3.3.18)
and for different bead radii is
c12 = 1 −
3
2
a2
r12
+
1
2
a2(a
2
1 + a
2
2)
r312
. (3.3.19)
Summary
Using the simplest approximation for the hydrodynamic correction factor based on the
Oseen tensor in eq. (3.3.15), its value can be estimated for common experiments performed
at our setup. Typically, 2 µm beads (a = 1 µm) are calibrate at a distance of r12 = 12 µm.
This results in a hydrodynamic correction factor of c = 0.88 which, if not applied, directly
translates to a 12 % error in displacement and force measurements, according to eq. (3.3.10).
This shows the importance of taking these effects into account during calibration. As a
direct result of the hydrodynamic interactions decaying slowly as ∼ 1/r12, calibrations
would have to be performed at a bead distance of more than 30 µm in order to reduce
this measurement error to below 5%. The difference between the Oseen and Rotne-Prager
approximation, by contrast, becomes prevalent only at small bead separations due to the
finite radius of the spheres (fig. 3.3.1). At r12 = 5a, the discrepancy between the models is
only 1 % such that using the Oseen tensor provides a good approximation for larger bead
separations.
It should be noted that that the correction factor requires the bead radius. However,
since it enters the equations only relative to the bead distance as a/r12, an uncertainty of
the radius of 15 % results in an error of 5 % in the correction factor as obtained by error
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Figure 3.3.1.: (a) Low Reynolds number fluid flow around two resting spheres of radius
a at distance r12. Simulated using FEniCS [Aln+15]. (b) Hydrodynamic correction factor
c12 as a function of bead separation normalized to the bead radius a. For asymmetric bead
sizes, the radius of bead 2, that creates the reduced driving flow field, has a large impact on
the correction factor for bead 1.
propagation. This is significantly better than in the case of the regular calibration method
where bead size errors directly translate to calibration factor uncertainty.
3.3.3. Probing the theory: Measuring the drag coefficient in
dual-trap optical tweezers
The relevance of the developed theory for the calibration process is verified experimentally.
To this end, the drag coefficient of a bead is measured via the oscillation method and the
effect of the hydrodynamic coupling in the presence of a second bead quantified.
In these experiments, polystyrene beads with a mean diameter of 2.13 µm (SVP-20-5,
Spherotech), a standard deviation of 0.34 µm and CV of 16.1 %, according to the manufac-
turer, are used. However, since the distribution of bead sizes has a long tail of larger sizes
and is therefore skewed to the right, it is important to consider the median of the distribu-
tion which is 2.05 µm instead of the mean for calculations. Beads are suspended in filtered
water (filter pore size 0.22 µm), trapped in the flow cell (section 2.2.3) and the calibration
routine is applied as described before. The distance of the traps during calibration is known
from prior calibration of the beam steering element angles (AOD and PM) and the according
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Figure 3.3.2.: (a) Trap and bead configurations realized for the experiments. (b) The ob-
served drag coefficient normalized by the theoretical Stokes’ Drag for the different con-
figurations. Application of the hydrodynamic correction factor yields the expected drag
coefficient. For the PM trap, the reference for the 2T2B measurement is the 2T1B config-
uration. For the AOD, this is not available due to the experiment design and the result
can only be compared to the theoretical Stokes drag γ0. The width of the bar around the
theoretical prediction γexp/γ0 = 1 corresponds to a variation of temperature by ±2 K.
position of the trap on the camera by tracking a bead.
In order to determine the various effects on the drag coefficient of a bead held in the PM
trap, two beads are trapped and the measurement is performed (2T2B, fig. 3.3.2). Then, the
particle in the AOD trap is released such that the subsequent measurements with (2T1B)
and without (1T1B) the AOD trap on are conducted for the same bead held by the PM trap.
Experiments were done at a trap distance of Δy = 25 µm resulting in a correction factor
of c = 0.94. Since the hydrodynamically correct drag coefficient is ∼ 1/c2 (eq. (3.3.10)), a
difference of 13 % is expected. A total of 22 distinct bead pairs were measured, each cali-
brated 10 times for each configuration (fig. 3.3.2, table 3.3.1 and appendix A.3). The 2T1B
case is an exception since data for this configuration is not available for all beads and in
addition the number of measurements per bead varies. This is due to experimental difficul-
ties with maintaining an empty trap for a long measurement period without attracting dirt
from the buffer that was too small to be filtered and affects the measurements. The 1T1B
measurement corresponds to the single-trap scenario described by Tolić-Nørrelykke et al.
The effect of switching on the second trapping beam, comparing 1T1B and 2T1B, is with
2.5 % very small, well within the measured errors and in agreement with what is expected
from polarization crosstalk [vHan+12; Jah12]. However, the influence of the hydrodynamic
coupling when adding a second bead, going from 2T1B to 2T2B, is much higher and around
13%. Applying the correction factor, using the Oseen model, restores the drag coefficient
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PM Y AOD Y
theory (γ0) 1T1B 2T1B 2T2B
2T2B
corrected 2T2B
2T2B
corrected
γ [nN sm−1] 18.1 17.6 17.2 14.9 16.9 15.8 18.0
±σγ [nN sm−1] 0.9 1.3 1.6 0.5 0.6 0.8 0.9
Table 3.3.1.: The results for the drag coefficient fom the Stokes’ drag prediction and mea-
surements using the oscillation calibration method for the various experiment configura-
tions.
up to 2 % deviation from the single bead reference measurement 2T1B. The experiments
show a systematic error for the PM trap between the measured drag coefficient and the
theoretical prediction based on Stokes’ law which can be well attributed to the viscosity
being overestimated based on the temperature measurement. The temperature sensor is
placed on the optical table and therefore does not take into account local buffer heating
due to the trapping laser, compared to other setups that introduce a temperature probe
into the flow cell [Tol+06].
Due to the design of the experiment, the 1T1B and 2T1B measurements are not available
for the AOD for the same dataset. Comparison with the theoretical prediction of the drag
coefficient shows that the hydrodynamic correction reduces the deviation from 13% to less
than 1%. This is a better agreement with theory as it is achieved by the PM trap, the reason
to which remains to be studied. One cause could be varying levels of local heating and
therefore varying local viscosities due to different laser powers in each trap.
These experiments show that the derived correction factor indeed accounts for the hy-
drodynamic coupling between the two beads during the calibration based on the oscillation
method. It can easily be calculated and applied to the measured calibration parameters.
They also demonstrate, that these interactions affect the calibration on a significant level
and must therefore be taken into account for a dual-trap optical tweezers setup.
3.4. Conclusions
The calibration of an optical tweezers is a vital routine for all precise force measurements.
Here, the oscillation calibration scheme proposed by Tolić-Nørrelykke et al. was extended
to also be applicable to dual-trap optical tweezers. As a result, the requirement for exact
knowledge of the buffer viscosity is eliminated, reducing one large source of calibration
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errors, and the impact of variations of the bead size on the result is strongly suppressed. It
remains to be studied whether the latter can also be completely excluded by e.g. leveraging
cross-correlations [MQ99] between bead displacements as suggested by Jahnel [Jah12].
In order to achieve accurate calibration of the instrument using this method, it was shown
to be essential to consider hydrodynamic interactions between the trapped objects. This can
easily be done by a simple factor that can readily be calculated from known parameters.
Importantly, only a single measurement is required to calibrate the machine and the same
beads are used for calibration and experiments.
These efforts increase the precision of dual-trap optical tweezers setups therefore opening
the door for rigorous high-resolution force measurements in arbitrary buffers.
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Single-molecule experiments of EEA1
The cell is separated from its environment by a membrane acting as a barrier. As a con-
sequence, trafficking of cargo to or across this membrane is an important process, which
is used, for example, to take up or release nutrients, extracellular matrix proteins and sig-
nalling molecules [Alb+14]. Eukaryotes evolved a membrane trafficking mechanism that
is mediated through the exchange of membrane bound compartments, so called transport
vesicles, between the plasma membrane and the interior of the cell. Based on the direction
of the transport, three categories of this phenomenon exist. First, endocytosis describes
transferring cargo from the plasma membrane further into the cell, whereas the opposite
second direction is called exocytosis. Third, membrane trafficking also mediates vesicle ex-
change between cellular organelles such as the endoplasmic reticulum and the Golgi. In the
process, the transport vesicles bud off an existing membrane and then fuse with the target
membrane to deliver their cargo. This payload can be in solution in the lumen, i.e. the in-
side of the compartment, or bound to the membrane, for example transmembrane proteins
like ion channels, proteins, lipids etc. Due to the variability of sources, cargo and targets,
tight regulation is required to ensure the vesicle fuses with the correct target membrane.
The group of Rab GTPases and their effectors were found to be key components provid-
ing this specificity in organelle tethering and fusion [ZM01; BL10]. These small monomeric
GTPases switch between the active GTP bound state and the inactive GDP bound form
which allows regulation of its function. The active form recruits tethering factors, amongst
others, and is therefore required for vesicle capture and subsequent fusion [BEU10]. It was
observed that the Rab proteins form domains on membranes through a positive feedback
mechanism [ZM01] which potentially increases the vesicle tethering efficiency by increas-
ing the local concentration of binding partners.
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Two classes of RabGTPase effectors responsible for tethering have been identified: multi-
subunit complexes and long coiled-coil proteins [BEU10; GM03]. One of these GTPase / ef-
fector pairs in humans is Rab5 and the coiled-coil early endosome antigen 1 (EEA1) which
mediates heterotypic tethering and fusion between the early endosome and transport vesi-
cles, as well as the homotypic process between two early endosomes [Sim+98; Chr+99b].
In this system, EEA1 is present exclusively on the early endosome membrane, in contrast
to Rab5 which binds the membranes of transport vesicles and the endosome [Rub+00].
The nucleotide exchange factor Rabex-5 activates Rab5, i.e. converts it to the GTP bound
state Rab5:GTP. The Rabaptin-5 protein binds to this active form and, since it forms a com-
plex with Rabex-5, brings more of the nucleotide exchange factor into the proximity of
the endosome membrane [Lip+01]. This creates a positive feedback loop which results in
the formation of domains of active Rab5 and other effectors on the membrane. In addition,
Rab5:GTP binds to the PI(3)-kinase hVPS34 that produces the phospholipids phosphatidyli-
nositol 3-phosphate (PI(3)P) which are therefore also enriched in these domains [Chr+99a;
GON06].
EEA1 is then recruited to the membrane by two distinct mechanisms. Primarily, through
a highly conserved zinc finger, called the FYVE domain [Gau+98] that is located at its C-
terminal end and binds PI(3)P. The weaker second binding site is located at the N-terminal
end of the FYVE domain and interacts with Rab5 [Sim+98]. Christoforidis et al. [Chr+99a]
therefore note that the PI(3)-kinase being a Rab5 effector ensures spatial and temporal co-
ordination of the formation of a region with high concentration of EEA1 binding partners.
The stability of this recruitment is further enhanced by the fact that the coiled-coil forms a
homodimer [GM03] such that two binding sites exist per molecule.
Importantly, EEA1 has a second Rab5 binding site at the N-terminus that is required for
the formation of a tether between the early endosome and a target membrane [Sim+98;
Rub+00]. So once the coiled-coil is recruited to the early endosome membrane at its C-
terminus, it acts as a∼200 nm long ”fishing hook”, which binds vesicles harbouring Rab5 via
its N-terminus [Mur+16]. The formation of Rab5 domains that also enrich EEA1, therefore
gives rise to a cooperative effect where multiple low affinity binding sites between the
tethering factor and the target vesicle form a strong link between the two membranes. As
the next step, the SNARE (soluble NSF attachment protein (SNAP) receptors) complexes
initiate actual fusion of the membranes, once they are in close proximity, to complete the
transport process.
42
4.1. The coiled-coil protein EEA1 undergoes an entropic collapse
4.1. The coiled-coil protein EEA1 undergoes an entropic
collapse
In the scheme of coiled-coil proteins mediating vesicle tethering in membrane trafficking,
it has been a long standing question of how these stiff and large molecules can bring the
captured vesicle into the vicinity of the target membrane such that the smaller SNARE com-
plexes can initiate fusion [GM03; CP16; BP10]. This is until recently, where this question
was answered for the Rab5 / EEA1 pair. The vesicular tethering in this system is realized by
binding Rab5 to the N-terminus of EEA1 which is anchored to the early endosome via its
C-terminus. Murray et al. [Mur+16] report a dramatic conformational change of EEA1, con-
sisting of a substantial softening of the coiled-coil region, upon formation of the N-terminal
EEA1-Rab5 complex. As a result, they observe a reduction in the end-to-end distance of the
molecule from 195 ± 26 nm to 122 ± 50 nm. The effect is further quantified by describing the
protein as a polymer using theworm-like chain (WLC)model and extracting the persistence
length (section 2.4). Note that this is a quantity averaged across the entire molecule and
therefore reflects its overall mechanical properties instead of local phenomena. When ap-
plied to EEA1, the authors measure a reduction of the persistence length from 246 ± 42 nm
to 74 ± 3 nm when binding Rab5 which shows a conformational change, not only of a sub-
region but across the entire molecule. Based on these results, they describe a mechanism
in which the conformational equilibrium state of EEA1 is shifted when binding Rab5 at
the N-terminus, leaving the coiled-coil in an out-of-equilibrium state. Entropic forces then
push the molecule towards its new andmore confined equilibrium state, a process therefore
termed entropic collapse. When EEA1 forms a tether between two membranes, this force
of ∼3 pN is sufficient to pull them together. The molecule can therefore be thought of as a
”loaded spring” that is released when binding Rab5.
In Summary, Murray et al. observe a mechanism that changes the physical properties of
the entire ∼200 nm coiled-coil region of EEA1 and greatly reduces its rigidity when bind-
ing a molecule at the very tip. As a consequence, an entropic collapse generates the force
required to bring two membranes together.
The stiffness of a coiled-coil protein is a result of the sequence of hydrophobic and hy-
drophilic residues in the amino acid sequence that holds the α-helices together. Is the
increased flexibility of EEA1 upon binding Rab5 therefore a result of reduced binding en-
ergy of the α-helices? And if so, how is this achieved since the actual amino acid sequence
does not change? How can the binding of an effector, limited to the N-terminus of the
coiled-coil, induce a long ranged conformational change and affect the physical properties
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of an entire polymer which is made from repeats of the same pattern? Is this effect specific
to the structure of EEA1 or a general feature for potential regulation of coiled-coils? The
results of Murray et al. raise a multitude of new questions and challenge our understanding
of how coiled-coil proteins work beyond EEA1. This thesis takes first steps to investigate
them.
4.2. Aim: Measure EEA1 coiled-coil binding energies
In order to gain further insights into the entropic collapse mechanism of EEA1, the binding
energies among the two α-helices are studied. An important question to ask is if and how
these are changed when binding Rab5 to the N-terminus. This is a challenging task that is
pursued in this chapter.
Optical tweezers are a great tool to assess forces and energies on the molecular level.
They have been used previously to study protein folding in general [Kel+97; Cec+05; Sti+11]
and coiled-coil proteins and their binding energies in particular [GBR10; Xi+12; Ram+14].
Commonly, in this type of experiments, each monomer is attached to a bead on which an
optical trap can pull to unzip the coiled-coil protein. Often, the individual molecules are not
directly bound to the polystyrene or silica micro-spheres but instead a piece of DNA, the
so called DNA handle, links each of the monomers to a bead, resulting in a dumbbell assay
with the coiled-coil in the center (fig. 4.3.2). TheDNAhandles serve as spacers between pro-
tein and the bead surfaces to minimize their interactions, avoid non-specific interactions as
well as reduce the exposure of the protein to the trapping laser [ZS11; Pfi+13]. These meth-
ods have been applied by e.g. Ramm et al. [Ram+14] to unzip a coiled-coil sub-region of
the intermediate filament protein vimentin. They made a construct containing a 98 residue
section of the vimentin coil 2 (Vim2B), each attached to a DNA handle and in turn linked
to a bead (fig. 4.3.2), and used it in two types of experiments. First, an increasing force was
applied to the protein-DNA construct, resulting in force-extension curves of the unzipping
of the coiled-coil (similar to fig. 4.4.1). Second, the beads were held at a constant distance,
and fluctuations in the measured force were observed. Holding the protein under tension
lowers the energetic barrier for unzipping such that thermal fluctuations are sufficient to
observe constant un- and rezipping of the coiled-coil. Doing so for various bead distances,
and thus average forces, allowed the authors to reconstruct the full binding energy land-
scape of the coiled-coil protein.
However, since the DNA handles have a finite stiffness themselves, they will contribute to
the measured signal and care has to be taken to separate the handle signal from the actual
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unzipping measurement. This can be achieved by deconvolution of the recorded position
probability distribution with a point-spread function that is derived from measurements of
beads linked only via the DNA handles without the protein, as described in the literature
[Woo+06; GBR10; HS10; Hin+13].
It was aimed to apply this technique to the coiled-coil protein EEA1 to reveal the dimer’s
binding energy landscape by performing unzipping experiments of EEA1 using optical
tweezers. This assay should then be used to study the effect of complex formation with
Rab5 on these energies to gain further insights into the mechanism of the entropic collapse
by unzipping the coiled-coil in the presence of Rab5:GTP. This is an absolutely novel ap-
proach to study such longmolecules, EEA1 has 1411 amino acids, and remains a challenging
task.
4.3. Methods: Bringing EEA1 to the optical tweezers
The first objective was to create a chimera of EEA1 bound to DNA handles that are in turn
linked to µm-sized beads which are used in optical tweezers experiments. In other words
to generate the dumbbell configuration of sample and beads commonly used in dual-trap
optical tweezers experiments (fig. 4.3.2).
It was one aim to investigate the interaction of Rab5 with the N-terminus of EEA1 and
the effect on the binding energies so this end of the coiled-coil should remain undisturbed.
Therefore, the DNA handles were attached to the C-terminus, which consists of the globu-
lar FYVE domain, in order to unzip the coiled-coil from that side. However, pulling on the
protein in this way would result in a combined signal from unfolding the FYVE domain and
unzipping the coiled-coil region and it would be difficult, if not impossible, to disentangle
the two contributions. So in a first step, a truncated version of EEA1 (EEA1’) was created
by removing the C-terminal FYVE domain which reduces the protein length to 1347 amino
acids out of which 1247 are coiled-coil [Con19]. Purified protein was obtained from Joan
Soler Blasco (Zerial group, Max Planck Institute of Molecular Cell Biology and Genetics).
In order to link EEA1’ to the DNA handles, a method based on a sortase enzyme was used
that is described in the literature [KSW14]. However, it should be noted that other meth-
ods for the formation of protein-DNA conjugates exist [Die+06; YLY15; MS16]. Sortase
enzymes, especially Staphylococcus aureus Sortase A (SrtA), are commonly employed in
protein engineering due to their ability to modify peptides in a site-specific manner [PP11;
The+13; Gui+13; Che+16]. SrtA recognizes a peptide sequence of LPXTG (X being any
amino acid), cleaves the glycine and forms a new peptide bond with the N-terminus of
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Figure 4.3.1.: Steps in making the EEA1’-DNA conjugate. First, the ssDNA-peptide con-
jugate is attached to the protein using a sortase based ligation reaction. Next, the longer
DNA handles are annealed to the ssDNA overhang on the protein.
another oligoglycine. In our case, a mutant form of SrtA was used that is Ca2+ indepen-
dent and has a significantly increased efficiency. The first reaction partner is an LPETGGG
sequence, as recommended by Theile et al. [The+13], that was attached via cloning to the
EEA1’ C-terminus while removing the FYVE domain. The second part of the reaction was
a 32 nucleotide ssDNA (ssDNA23G, appendix B.1) functionalized with a GGG-sequence at
its 3’ end such that the N-terminus of the oligoglycine was exposed (fig. 4.3.1). The sortase
reaction was performed in Standard buffer (150mMNaCl, 20mMTris pH 7.4, 0.5 mMTCEP)
for 1 h at room temperature and linked one ssDNAmolecule to each of the two α-helices of
EEA1. Size-exclusion chromatography was used in order to purify the product and remove
excess ssDNA.
In a next step, different length DNA handles were produced (2030 bp and 1030 bp, ap-
pendix B.1) using a polymerase chain reaction (PCR). The handles are functionalized at one
end with a Biotin or Digoxigenin (Dig) molecule by using accordingly labelled primers.
The other primer featured an abasic site (dSpacer) [Tak+87] that arrests the polymerase
such that the final PCR product has a ssDNA overhang of 32 nucleotides, including the
dSpacer. The full protein-DNA conjugate was then created by annealing the 31 functional
nucleotides of the DNA handles to the ssDNA linked to EEA1’ by incubation for 2 h at
room temperature in Standard buffer (fig. 4.3.1 and appendix B.2). If required, the DNA
backbone could be ligated in an additional step. Note that the sample was not purified after
the annealing step such that the final solution contains protein without any DNA handle, a
single one, symmetric handles (Biotin-Biotin or Dig-Dig) and the desired asymmetric han-
dles (Biotin-Dig). However, the tweezers experiments are only selecting for the latter ones
due to the specific binding of DNA handles to the beads.
46
4.4. Optical tweezers results
Figure 4.3.2.: The DNA handles are produced via PCR and functionalized with Biotin or
Dig. The EEA1’-DNA chimera is then incubated with Streptavidin coated beads and a tether
is formed between one of those and an αDig bead in the tweezers. Unzipping is performed
by increasing the inter-trap distance thus pulling on the EEA1’ monomers. The experiment
was planned without and with Rab5:GTP binding to the N-terminus of EEA1’.
The EEA1’-DNA conjugate was incubated with polystyrene beads of 2.1 µm diameter
that are functionalized with Streptavidin (S-beads, SVP-20-5, Spherotech, appendix B.3). As
the second binding partner, polystyrene beads coated with Digoxigenin antibodies (αDig-
beads, 2.1 µm diameter, DIGP-20-2, Spherotech) were used. Both bead types were previ-
ously blocked with Bovine serum albumin (BSA) by incubation for 30min and washed in
multiple steps in Standard buffer. The sample is inserted into the microfluidic setup (sec-
tion 2.2.3), where Streptavidin coated beads, previously incubated with the sample, were
filled into one channel and αDig-beads into another. One of each beads was then trapped
using the dual-trap optical tweezers (chapter 2). The beads were brought to close proxim-
ity in order to establish a tether by forming a link between the αDig-bead and the Dig on
the DNA handle (fig. 4.3.2). Once this was successful, force-extension curves of the EEA1’-
DNA conjugate were acquired by moving the AOD trap and applying an increasing force
to the molecule.
4.4. Optical tweezers results
In a first step, it was tested whether single-molecule EEA1’-DNA conjugate tethers could be
obtained and how they respond to an applied force. To this end, tethers of EEA1’ with DNA
handles were formed between S- and αDig-beads and force-extension curves recorded (sec-
tion 4.3). Traces were carefully selected for showing a typical single-rip of the tether at the
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Figure 4.4.1.: Force extension curves of EEA1’ between two different DNA handle lengths:
700 nm for the short handles and 1380 nm for the long handles.
end to exclude experiments with multiple tethers. The individual force-extension curves
were very reproducible and always showed the same characteristic features: an increase
in force up to ∼20 pN, followed by a hump of largely reduced slope and a further strong
increase in force (fig. 4.4.1) before breaking at a maximum force of ∼50 pN. Thus, the pre-
pared protein-DNA conjugate can be used for single-molecule optical tweezers experiments
as shown by the force-extension curves of individual molecules.
The next question asked is whether the DNA handle length affects the observed force-
extension curve characteristics. To this end, EEA1’ was linked to the long handles (2030 bp)
and experiments were conducted as before. The recorded traces (fig. 4.4.1) show the same
characteristics for both DNA handle lengths without a notable difference in e.g. the force
at which the hump appears. So the handle length has no influence on the force-extension
curve beyond an expected increase in the measured extension for longer handles.
One observation that meets the eye is the apparent maximum tether force of 50 pN. Here,
the question is raised whether it is an effect of the DNA handles or the binding strategy
between DNA and beads. To further investigate this point, the following control DNA
molecules were produced, each with the total length of the combined short DNA handles
used for EEA1’ (appendix B.1):
• annealed handle: DNA made from annealing two pieces of equal length with com-
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Figure 4.4.2.:DNA force extension curves for annealed, ligated and single-piece DNA han-
dles. Annealed molecules sustain a maximal force of ∼50 pN.
plementary ssDNA overhangs and functionalized with either Biotin and Dig
• ligated handle: treating the annealed handle with a ligase in order to covalently
bind two segments
• single-piece: a single DNA piece made via PCR functionalized with Biotin and Dig
at each end
These DNA samples were then measured in the same way as EEA1’ and force-extension
curves were recorded (fig. 4.4.2). It is observed that for the annealed DNA sample, tethers
also always rip around 50 pNwhereas ligation allows theDNA tethers to resist higher forces
and reach the overstretching regime at 60 pN, similar to the single-piece DNA tethers. To
quantify this, the tether survival probability, i.e. the probability for a tether to sustain a
given force, is calculated from the cumulative probability of ripping forces across all teth-
ers (fig. 4.4.4). It drops to zero around 50 pN for all samples that contained annealed DNA
in contrast to ligated DNA where it vanishes beyond 60 pN. Notably, the tether survival
probability is similar between DNA controls and the EEA1’ sample for forces below 40 pN,
indicating no effect of the protein on the tether stability. This clearly identifies the rea-
son for the maximum ripping force of the EEA1’-DNA conjugates as the breaking of the
annealed base-pairs connecting the protein and the DNA handle.
The next step is to investigate the measured extension. For the EEA1’-DNA chimera, one
would expect to measure a length of the molecule that is the sum of a DNA and a protein
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Figure 4.4.3.: (a) Tether stability for EEA1’ and DNA handles. Shown is the cumulative
probability of a tether resisting a given force. The reduced tether breaking forces of an-
nealed DNA and EEA1’ with handles compared to ligated or single-piece DNA are due to
the limited force the annealed bases can resist. (b) The molecule contour lengths Lc are
retrieved from the force-extension curves by fitting the extensible WLC model. Indicated
numbers are averages across all molecules for each experiment. All DNA curves were
pooled together.
contribution and therefore always larger than the contour length of the DNA handle alone.
The recorded force-extension curves (figs. 4.4.1 and 4.4.2) already indicate that this is not
the case. A more detailed analysis involved fitting the extensible WLC
d(F ) = Lc ∗
(
1 −
1
2
√
kBT
FLp
+
F
S
)
(4.4.1)
to all recorded force-extension curves and extract the contour length Lc as the measured
length of the molecule (fig. 4.4.4). Here, Lp is the persistence length, S the stretch modu-
lus, T the temperature, kB the Boltzmann constant, d the extension of the molecule and F
the applied force. The result of 655 nm for the DNA controls is in agreement with their ex-
pected value (689 nm) for the short DNA handles, even though consistently slightly shorter.
However, the mean contour length of the EEA1’ sample with short DNA handles is with
487 nm significantly shorter than expected. Also the sample with long handles shows an
average contour length of 807 nm which is substantially shorter than the length of the han-
dles alone (1380 nm). The extension of measured molecules is therefore incompatible with
the notion of unzipping an EEA1’ molecule by pulling on the attached DNA handles.
In light of these findings, it was necessary to verify that the dumbbell system is correctly
set up in the sense that the protein is centered between the beads and linked to them via the
DNA handles. To this aim, experiments were performed with a different optical tweezers
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Figure 4.4.4.: EEA1 Controls: (a) Fluorescence images acquired at the C-Trap (Lumicks).
EEA1 N-terminal antibody is shown in blue. Red signal is autofluorescence of the
polystyrene beads. The force on the tether was 34 pN (left) and 16 pN (right) but blue spots
indicate that at least the N-terminus of EEA1 remains on the bead surface (dashed line),
indicating stickiness. (b) Force-extension curves of EEA1’ annealed to DNA handles that
are only functionalized with Dig (no Biotin), sample was incubated with Streptavidin beads
so no tether was expected.
setup that provides confocal fluorescent imaging of the molecules under study (C-Trap,
Lumicks, at the MPI-CBG). The sample was incubated with antibodies against the C- and
N-terminus of EEA1’ (appendix B.4) but only the latter was repeatedly observed in the
microscope. Inefficient binding of the C-terminal antibody is likely due to the truncation
of EEA1 when removing the FYVE domain. Fluorescent spots, representing the EEA1’ N-
terminus, were always detected on the surface of the bead the sample was incubated with,
even when pulling on the tether (fig. 4.4.4). This suggests that indeed protein is not freely
suspended between the beads but rather sticking to their surface.
The unspecific binding of EEA1’ to the beads was further tested. To this end, only
DNA handles functionalized with Dig were annealed to the protein such that a symmet-
ric molecule was formed. This sample was incubated with S-beads and experiments were
performed as described before, with the difference that due to the missing Biotin no teth-
ers were expected. However, tethers were observed and force-extension curves could be
recorded at a similar frequency and showing the same characteristics as observed previ-
ously. A control performed with annealed DNA handles functionalized with Dig only and
no protein involved showed largely reduced tethering probability, which supports the no-
tion of Digoxigenin not binding Streptavidin efficiently.
Various attempts were made to reduce the stickiness by e.g. using silica beads, applying
51
Chapter 4. Single-molecule experiments of EEA1
different bead passivation schemes or testing modified buffers. However, force-distance
curves recorded under several conditions were persistent and always showed the same
characteristics. It can also be seen from these curves and the previous paragraphs, that the
binding of EEA1’ to the beads is very strong and withstands forces up to 50 pN. Together,
these findings show that EEA1 indeed is very sticky and strongly binds all kinds of beads
in a variety of conditions.
4.5. Conclusions
In this chapter, the preparation of an EEA1’-DNA conjugate for the use in optical tweezers
experiments was described. Experiments were performed with these chimeras and single-
molecule force-extension curves successfully recorded. However, it was found that EEA1’
is extremely sticky which renders it impossible to definitely interpret the measured signal
that likely is a combination of peeling the protein off the bead and actual EEA1 unzipping.
One experiment currently under way, working to solve this, is the quantification of the
stickiness between bead and EEA1’ using a fluorescent bulk measurement. Such an as-
say will greatly increases the efficiency of testing various conditions compared to single-
molecule experiments using optical tweezers.
Even though many obstacles on the path to unzipping the 1200 amino acid coiled-coil
EEA1’ were surmounted, no conclusive result can be presented as of yet. The potential
influence of Rab5 on the binding energy of the EEA1α-helices so far remains elusive. To our
knowledge, this is the first attempt to unzip a 200 nm long coiled-coil protein and it is clear
from the data presented here, that more work has to be done to achieve this goal towards
a better understanding of EEA1, and potentially a whole class of coiled-coil proteins.
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Outlook
As a part of this thesis, a state of the art high-resolution optical tweezers setup was im-
plemented. Proper calibration of the device was ensured by building on established tech-
niques and at the same time pushing their limits further. This was achieved by rigorously
modelling the relevant effects of hydrodynamic coupling between two spheres immersed
in a fluid and the application of these theoretical results to the thermal calibration of the
dual-trap optical tweezers. Therefore, a minimum of prior knowledge about the system
is required and the effect of uncertainty in the bead radius is reduced. To further drive
this development, the technique could be expanded to account for polarization crosstalk in
the calibration. This will, however, be challenging to achieve from a single measurement.
Another direction is the complete elimination, and ideally even measurement, of the bead
radius in the calibration procedure by leveraging cross-correlations in the positional fluc-
tuations of the trapped objects. Given the relatively large uncertainties in bead sizes, this
has the potential to improve the calibration precision further.
The apparatus was built with versatility in mind to allow the research of all kinds of
biomolecules and is already being employed for various projects, e.g. a study of the molec-
ular basics of droplet formation. In addition, automationwas amajor goal of the instrument
and achieved by thoroughly considering it in every step of construction process: from de-
signing the mechanical components on the table to the software controlling the apparatus.
This enables experiments that are conducted in the exact same way each time and the fur-
ther automation of the device for increased statistics in single-molecule experiments. As a
future perspective, space was kept free on the table to allow for the implementation of a
fluorescent pathway.
Coiled-coil proteins are well understood due to the relatively simple structure. Yet, new
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shapes of molecule, based on a small number of principles put forward by Crick in the
1950s, keep being found in nature but also predicted and synthesized. Beyond just shape,
novel ways of encoding function into these structures are being unravelled. In order to
understand their molecular basis, further research is required and single-molecule optical
tweezers studies will undoubtedly continue to be an important part of these efforts. One
approach to investigate such molecules was presented and taken here by the creation of
a protein-DNA chimera of EEA1 that can be used to assess the adhesive forces of its two
α-helices making up the coiled-coil. Thus all the tools required to tackle the unzipping
experiments are at hand. Future steps will also involve the computation of the free energy
landscape of the α-helix binding energy from the measurements to fully understand the
entropic collapse effect. Learning how different functions can be realized as a consequence
of the structure has the potential of leading to a wealth of synthetically engineered proteins
that enable research and application on a level that is challenging to imagine.
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Instrument
A.1. Room temperature
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Figure A.1.1.: (a) Temperature in the room of the optical tweezers setup. (b) Temperature
development during the course of experiments in a day in the optical tweezers room. (c)
Difference between maximum and minimum recorded temperate per day. 90 % quantile is
calculated for the absolute values and found to be 0.41 K.
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A.2. Optical tweezers components
Optics
Element Model Manufacturer
1064 nm YLR-5-LP-Y12 IPG Photonics
Faraday isolator IO-8-1064-HP Thorlabs
λ/2-plates 05RP12-34 Newport
Glan-Laser polarizer 10GL08AR.33 Newport
Polarizing cube beam splitter 10BC16PC.9 Newport
Shutters 04RDI231 Newport
Mirror glued to PM 05D20ER.2-PF Newport
Objectives CFI P-Apo VC, 60x WI, NA = 1.2 Nikon
Dichroic splitting brightfield
and trapping laser
SWP-45-RP1064-TU415-700-PW1-
1012-UV
CVI Laser Optics
Lenses plano-convex
anti-reflection coated 1064 nm
various focal lengths
Newport
Mirrors 10Z40DM.10 Newport
Force detectors DL100-7 PCBA3 First Sensor
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A.2. Optical tweezers components
Data acquisition
All devices are from National Instruments.
Element Model
PXI case PXIe-1071
Real-Time PXI Controller PXIe-8840 Quad-Core
PXI extension module to link both PXI cases PXIe-8364
Digital I/O module for AOD control PXI-6509
PXI case with embedded MXI controller PXI-1033
DSA analog signal acquisition card PXI-4472B
Multifunction I/O PXI-6289
Serial interface for power supply control PXI-8430
Various
Element Model Manufacturer
Regular cameras acA1300-60gmNIR Basler
Bead tracking camera MV1-D1024E-160-CL-12 Photonfocus
Tip-tilt piezo stage NS-MTA2X Mad City Labs
AOD DTSXY-400-1064-002 AA Opto-Electronic
Flow cell stage M-562 Newport
Objective stage M-561 Newport
Pressure valves M-EV-2M-24 Clippard
Pressure sensor TSA-N-1-Z-B01D-A-T-V Gefran
Inlet tubing FEP, 1/16” x 0.1 mm IDJR-T-6704C ViciJour
Outlet tubing FEP, 1/16” x 0.25 mm ID ViciJour
Flow cell valves P-782 IDEX Health & Science
Syringe to valve adapter P-682 Female Luer - Female Union IDEX Health & Science
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Appendix A. Instrument
A.3. All drag coefficient measurements
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Figure A.3.1.: All measurements of the drag coefficient using the oscillation method in the
various experiment configurations.
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B
Coiled-coil experiments
B.1. DNA Constructs
In the production of the DNA handles, the pEGm plasmid, derived from pUC19, was used
[Gal+07]. The oligonucleotides and oligonucleotide-peptide conjugates relevant to produc-
ing the EEA1-DNA chimera and control DNA are listed in the table below. The ssDNA23G
nucleotide sequence was designed to not form hairpins and purchased from Biomers. CE7
and CE8 were ordered with Biotin and Digoxigenin fictionalization at the 5’ end (Sigma-
Aldrich).
Name Sequence (5’ → 3’)
ssDNA23G GGTGAGAGTTGGGGAGGTTTTTGTGGTTGTTG–
C-terminus – GGG – N-terminus
R3ssDNAL CAACAACCACAAAAACCTCCCCAACTCTCAC[DSPC]ATTG–
CACAGAATATGGCGGCGATG
R3ssDNA2CL GGTGAGAGTTGGGGAGGTTTTTGTGGTTGTT[DSPC]ATTG–
CACAGAATATGGCGGCGATG
CE7 TCTGTCAGGTCGATTTCCCAGAGC
CE8 GATGATAAGCATCCCGGAACAGTGT
CE9 GGATGCGGTGCTGGATATTGGT
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Appendix B. Coiled-coil experiments
Overview of molecules used in the experiments and their lengths.
• short DNA handle: primers CE7 & R3ssDNAL in PCR, dsDNA length 998 bp, full
length 1030 bp
• long DNA handle: primers CE8 & R3ssDNAL in PCR, dsDNA length 1998 bp, full
length 2030 bp
• EEA1’ + short DNA handle: EEA1’ annealed to short handle, length 2060 bp
(700.4 nm)
• EEA1’ + long DNA handle: EEA1’ annealed to long handle, length 4060 bp
(1380.4 nm)
• annealedDNA: CE7& R3ssDNAL annealedwith CE7&R3ssDNACL, length 2028 bp
(689.5 nm)
• ligated DNA: ligating annealed DNA with T4 DNA Ligase (#B0202S, NEB)
• single-piece DNA: primers CE7 & CE9 in PCR, length 2050 bp (697.0 nm)
B.2. DNA handle annealing
Required components:
• SH_Bio: Short DNA handles using a CE7 primer functionalized with Biotin
• SH_Dig: Short DNA handles using a CE7 primer functionalized with Digoxigenin
• Standard buffer 20x (1x is: 150 mM NaCl, 20mM Tris pH 7.4, 0.5 mM TCEP)
• EEA1’–ssDNA: EEA1’ with ssDNA23G attached via the sortase A reaction
Anneal the DNA handles to EEA1’:
1. Mix EEA1’–ssDNA, SH_Dig, SH_Bio for equimolar final concentration (here, 80 nM
were used)
2. Incubate at RT for 2 h
3. Make aliquots of 20 µL
4. Snap freeze in liquid nitrogen and store at −80 ◦C
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B.3. Preparation of sample for the tweezers
B.3. Preparation of sample for the tweezers
1. Wash Streptavidin (S) and αDigoxigenin (αDig) beads in Standard buffer according
to Lisica [Lis13].
2. Make 1 nM dilution of EEA1’–SH sample.
3. Incubate 5 µL of S-beads with 2 µL of 1 nM sample for 30min at room temperature
on roller.
4. Add 500 µL of Standard buffer and take the sample to the tweezers.
B.4. EEA1 Fluorescence
The list of primary and secondary antibodies against EEA1 that were used in the fluores-
cence experiments.
• EEA1 N-terminus, prepared in mouse (610457, BD Biosciences)
• EEA1 C-terminus, prepared in rabbit (2900, Abcam)
• anti-mouse Alexa488, prepared in goat (A-11001, Thermo Fisher Scientific)
• anti-rabbit Alexa647, prepared in goat (A-21244, Thermo Fisher Scientific)
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